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Foreword 


The  Second  International  Conference  on  Borate  Glasses,  Crystals  &  Melts 
was  held  during  the  period  July,  1996  at  The  Cosener’s  House  (the 

conference  centre  of  the  Rutherford  Appleton  Laboratory),  Abingdon,  U.K. 
This  followed  the  first  conference  in  the  series,  entitled  Boron  in  Glass  and  Glass 
Ceramics,  which  was  held  at  the  New  York  State  College  of  Ceramics  in  1977. 

For  the  present  conference,  96  experimental  and  theoretical  scientists  from 
18  countries  (Austria,  Brazil,  Bulgaria,  Egypt,  France,  Germany,  Greece,  Is¬ 
rael,  Italy,  Japan,  Korea,  Lichtenstein,  Russia,  Spain,  Sweden,  Turkey,  the  U.K. 
(England)  and  the  U.S.A.)  gathered  to  discuss  all  aspects  of  the  science  and 
technology  of  borate  containing  materials.  In  addition  to  the  plenary  lecture 
by  Philip  J.  Bray,  in  whose  honour  the  conference  was  held,  there  were  10  in¬ 
vited  papers,  by  L.  Borjesson,  G.D.  Chryssikos,  R.A,  Condrate,  Sr.,  V.V. 
Golubkov,  S.W.  Martin,  E.A.  Porai-Ko shits,  B.A.  Shakhmatkin,  R.A.  Smith, 
M.  Teter  and  J.W.  Zwanziger.  A  further  43  papers  were  presented  orally  and 
there  was  a  single  poster  session  with  12  posters.  The  conference  sessions  were 
chaired  by  R.J.  Araujo,  YB.  Dimitriev,  S.A.  Feller,  E.I.  Kamitsos,  A.J. 
Leadbetter,  R.  O’Connor,  C.  Rhee,  L.M.  Torell,  N.M.  Vedishcheva  and  A.C. 
Wright  and  comprised  (1)  NMR  Spectroscopy,  (2)  Paradoxes  of  the  Vitreous 
State,  (3)  Structure,  Inhomogeneity  &  Phase  Separation,  (4)  Spectroscopic 
Techniques,  (5)  Thermodynamics  of  Borate  Systems,  (6)  Ternary  Systems,  (7) 
Non-Oxide  &  Mixed  Glasses,  (8)  Superionic  &  Related  Systems,  (9)  Industrial 
and  Technological  Applications,  (10)  Relaxation  &  the  Glass  Transition,  (11) 
Optical  Spectroscopy  &  Defects,  (12)  Modelling  &  Computer  Simulation  and 
(13)  the  Poster  Session.  At  the  conference  dinner,  the  after  dinner  address, 
entitled  Three-fold,  four-fold,  rings  and  Bray,  was  given  by  Robert  A.  Weeks 
and  was  preceeded  by  various  presentations  to  Philip  J.  Bray  by  his  colleagues 
and  former  students. 

The  success  of  the  Conference  was  due  to  the  efforts  and  support  of  many 
people  and  institutions  and  we  would  like  to  extend  our  grateful  thanks  to 
them  all.  First,  there  are  our  sponsors,  without  whom  the  conference  could 
not  have  been  held: 

•  Borax  Consolidated  Ltd, 

•  Corning  Inc. 

•  International  Science  Foundation. 

•  Pilkington  pic. 

•  Royal  Society  (London). 

•  US.  Air  Force  European  Office  of  Aerospace  Research  and  Development. 

•  US.  Borax,  Inc. 

•  U.S.IU.K.  Fulbright  Commission. 

We  would  also  like  to  thank  the  members  of  the  International  Organising 
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Committee: 


•  Yanko  B.  Dimitriev  (Bulgaria) 

•  Osama  H.  El-Bayoumi  (U.S.A.) 

•  Alex  C.  Hannon  (U.K.) 

•  Efstratios  I.  Kamitsos  (Greece) 

•  Anna  Musinu  (Sardinia) 

•  L.  David  Pye  (U.S.A.) 

•  Chunghi  Rhee  (Korea) 

•  Lena  M.  Torell  (Sweden) 

•  Natalia  M.  Vedishcheva  (Russia) 

•  Itaru  Yasui  (Japan) 

for  all  their  efforts  on  behalf  of  the  conference. 

Finally,  our  sincere  thanks  are  extended  to  Jill  Costello  and  the  team  at  the 
Society  of  Glass  Technology:  Christine  Brown,  Jenny  Lawless,  Sara  Lindley 
and  David  Moore,  who  did  most  of  the  real  work,  and  to  Barbara  Feller,  who 
organised  the  accompanying  person’s  programme,  parts  of  which  were  also 
enjoyed  on  occasion  by  some  of  the  participants  themselves! 

Following  discussions  at  the  conference,  Yanko  B.  Dimitriev  (from  the  Uni¬ 
versity  of  Chemical  Technology  &  Metallurgy,  Sofia)  invited  all  those  with  an 
interest  in  borates  to  come  to  Bulgaria  for  the  Third  International  Conference 
on  Borate  Glasses,  Crystals  &  Melts,  which  will  be  held,  probably  on  the  Black 
Sea  coast  during  1999,  under  the  joint  chairmanship  of  himself  and  Adrian  C. 
Wright. 


Steven  A.  Feller 
Adrian  C.  Wright 
(Conference  Co-Chairmen). 
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NMR  AND  NQR  STUDIES  OF  BORATES  AND  BORIDES 


Philip  J.  BRAY 

Department  of  Physics,  Box  1843,  Brown  University, 
Providence,  RI 02912,  USA 


A  1958  paper  by  Silver  &  Bray  introduced  the  use  of  nuclear  magnetic  reso¬ 
nance  (NMR)  spectra  for  “B  to  study  structure  and  bonding  in  glasses.  The 
NMR  spectra  clearly  distinguished  between  3-coordinated  and  4-coordinated 
borons  on  the  basis  of  the  larger  “B  quadrupole  interactions  for  the  BO3 
configuration  (2*4-2-9  MHz)  and  the  smaller  values  for  the  BO4  (less  than 
0-90  MHz).  Quantitative  measurements  of  the  area  under  the  narrow  reso¬ 
nance  (BO4)  and  broad  response  (BO3)  allowed  the  fraction,  N4,  of  4-coordi¬ 
nated  borons  to  be  established.  It  was  soon  found  that  the  “borate  anomaly” 
in  binary  alkali  borate  glasses  was  not,  as  previously  thought,  due  to  the  de¬ 
struction  of  BO 4  with  added  alkali  oxide  above  15-20  molar  percent.  Ad¬ 
vances  in  experiment  and  theory  then  permitted  clear  distinctions  between 
the  NMR  spectra  for  symmetric  and  asymmetric  BO3  units  (e.g.  a  BO3  with 
all  bridging  or  all  non-bridging  oxygens  (NBO)  and  one  with  1  or  2  NBO.) 
The  NMR  data  for  many  binary  and  ternary  borate  glass  systems  are  consist¬ 
ent  with  the  Krogh-Moe  model  in  which  the  glasses  consist  of  mixtures  of 
structural  groupings  from  the  crystalline  compounds  of  the  glassforming  ox¬ 
ides.  More  recent  uses  of  zero-field  NMR,  or  pure  nuclear  quadrupole  reso¬ 
nance  (NQR)  spectroscopy,  have  yielded  major  improvement  in  the  resolution 
of  the  B  responses  from  the  various  boron-oxygen  bonding  configurations. 
(As  an  example:  the  NQR  spectra  clearly  display  responses  from  two  boron 
sites  in  vitreous  B2O3.)  Extension  of  the  NQR  studies  to  the  ’°B  isotope  has 
yielded  improvements  by  two  or  three  significant  figures  in  the  parameters  of 
the  quadrupole  interaction.  These  developments  have  greatly  increased  the 
ability  to  identify  with  high  accuracy  and  relative  certainty  the  type  and  amount 
of  each  boron  site  in  a  solid,  and  should  allow  clear  identification  of  the  struc¬ 
tural  groupings  in  glasses.  The  high  accuracy  in  the  quadrupolar  parameters, 
and  their  sensitivity  to  minor  changes  in  charge  distribution  and  structure, 
make  these  parameters  sensitive  tools  for  comparison  with  calculated  values 
and  for  monitoring  compositional  variations^  radiation  damage^  stress,  ther¬ 
mal  histories,  and  other  aspects  of  boron-containing  solids. 


1.  INTRODUCTION 

The  first  report  of  NMR  studies  of  "B  in  vitreous  B2O3  and  sodium  borate 
and  borosilicate  glasses  was  published  by  Silver  &  Bray  in  1958  [1].  Studies  of 
some  polycrystalline  borides  and  borates  appeared  soon  thereafter  [2,3].  The 
^^B  NMR  resonances  exhibit  characteristic  effects  from  significant  nuclear 
quadrupolar  interactions,  and  can  be  analyzed  to  provide  very  useful 
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(a)  (b) 


Fig.  1.  Energy  levels  arising  from  the  interaction  of  the  nuclear  magnetic  dipole  moment 
with  a  magnetic  field:  (a)  no  electrical  quadrupolar  interaction;  (b)  small  quadrupolar 
interaction  present  (the  levels  shown  are  appropriate  for  the  nucleus). 

information  on  structure  and  chemical  bonding  in  the  solids. 

The  work  reviewed  here  was  all  carried  out  in  the  Magnetic  Resonance  Labo¬ 
ratory  at  Brown  University.  The  excellent  NMR  studies  of  in  solids  carried 
out  in  recent  years  in  other  laboratories  are  not  included  here,  although  direc¬ 
tions  to  a  number  of  those  studies  are  given  in  the  concluding  remarks. 

Since  the  nuclear  electrical  quadrupolar  interaction  is  so  important  in  the 
interpretation  of  NMR  spectra  for  boron  in  solids,  the  theory  for  this  interac¬ 
tion  will  be  presented  immediately  along  with  spectra  for  several  materials. 

2.  NMR  WITH  A  QUADRUPOLAR  PERTURBATION 

When  a  nucleus  with  a  nuclear  spin  I  is  subjected  to  a  magnetic  field,  the  Zeeman 
interaction  between  the  magnetic  field  and  the  nuclear  magnetic  dipole  moment 
generates  a  set  of  energy  levels.  Transitions  between  those  levels  can  be  caused  by 
an  applied  radiofrequency  electromagnetic  field  of  the  correct  resonance  frequency 
Vq.  The  energy  levels  and  resonance  frequency  are  displayed  in  Fig.  1(a). 


- V-Vq 

Fig.  2.  First-order  quadrupolar  spectrum  for  1=3/2  nuclei  in  a  powder  or  glass. 

Here  Vq=3Qcc/2/(2I-1) 
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Fig.  3.  Resonance  lineshape  (solid  curve)  predicted  for  a  nucleus  such  as  “B  with  a  small 
quadrupolar  interaction  in  a  glass  or  polycrystalline  powder.  This  is  the  r|  =  0  case. 


But  any  nucleus  for  which  I  >  1  also  has  an  electrical  quadrupole  moment 
(eQ)  that  interacts  with  the  gradient  of  the  electric  field  at  the  nuclear  site. 
Figure  1(b)  displays  how  the  Zeeman  energy  levels  are  shifted  when  the  nu¬ 
cleus  under  study  experiences  a  small  quadrupole  interaction.  (The  shifts  and 
the  transition  frequencies  can  be  calculated  [4]  using  the  quadrupolar  pertur¬ 
bation  of  the  Zeeman  interaction.)  The  shifts  depend  on  the  coupling  of  the 
nuclear  electrical  quadrupole  moment  eQ  with  the  components  of  the  electric 
field  gradient  (EFG)  tensor  at  the  nuclear  site.  These  are  Vyy,  and  in  the 
system  of  principal  axes  for  the  EFG.  Here  V  is  the  electrical  potential  at  the 
nuclear  site  arising  from  charges  outside  the  nucleus,  and  Y^^=d^Vldx^,  etc. 
The  shifts  also  depend  on  the  angles  0  and  (j)  that  specify  the  orientation  of  the 
magnetic  field  with  the  principal  axes  of  the  EFG.  Since  all  angles  0  and  (|)  are 
equally  probable  in  a  finely  divided  polycrystalline  powder  or  a  glass,  the  NMR 


50 


T - ! - ^ - ! 


Fig.  4.  "B  NMR  spectrum  in  boron  phosphate  (BPO4);  Vo=  7T77  MHz. 
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Fig.  5.  B’‘  nuclear  magnetic  resonance  in  polycrystalline  TiB2  and  ZrB2.  Vq  =  7-177  MHz. 

spectra  for  those  cases  will  be  the  envelope  of  responses  observed  for  a  single 
crystal  as  it  is  placed  in  all  possible  orientations  in  the  magnetic  field.  The 
resulting  theoretical  ‘powder  pattern’  for  a  quadrupolar  interaction  that  is  suf¬ 
ficiently  small  to  be  treated  with  first-order  perturbation  theory  is  displayed  in 
Fig.  2  for  the  case  of  a  nuclear  spin  I  =  3/2.  (No  dipolar  or  other  broadening 
mechanisms  have  been  taken  into  account.)  Here  Qcc=e^Vz2Q  is  the  quadrupole 


Fig.  6.  Powder  patterns  for  the  central  transition  (m=  +1/2)  of  half-integer  spin  nuclei 

in  the  presence  of  second-order  quadrupolar  interactions  for  two  regimes:  Ti<  1/3  and  ri>l/3. 
Here  Vq=3Qcc/2I(2I-1)  and  Vo  is  the  Larmor  frequency. 
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Fig.  7.  Resonance  lineshape  (solid  curve)  for  a  nucleus  with  a  large  quadrupole  interaction  in 
a  glass  or  polycrystalline  powder.  This  is  the  T|  =  0  case. 

coupling  constant  that  measures  the  strength  of  the  quadrupolar  interaction, 
andr|=Vxx-Vyy/Vzz  is  the  asymmetry  parameter  that  measures  the  departure  of 
the  EFG  from  axial  symmetry  (With  IV^^I  ^  |Vyy|  >  |  V^xl,  one  finds  that  0  <r|<  1). 
Note  that  the  ‘central’  transition  (m=+l/2  o  -1/2)  is  unaffected  in  first  order 
and  remains  at  the  Larmor  frequency  Vq,  while  the  ‘satellite’  transitions  (m=+3/2 
o  +1/2  and  m=-3/2  ^  -1/2)  are  spread  out  into  the  ‘powder  patterns’. 

Broadening  mechanisms  (e.g.  dipolar  interactions,  distributions  in  the  EFG 
components)  smooth  the  divergences  in  the  theoretical  powder  pattern  and 
give  breadth  to  the  central  transition  peak.  This  is  exemplified  in  Fig.  3  for  the 
particular  case  of  r|=0.  When  use  is  made  of  older  CW  NMR  spectrometers, 
the  recorded  resonance  is  usually  the  first  derivative  of  the  absorption  curve. 
This  is  displayed  in  Fig.  4  for  the  (1=3/2)  response  in  polycrystalline  boron 
phosphate  (BPO4)  for  which  the  value  of  Qcc=50-4  kHz  if  tj  is  assumed  to  be 
zero[3].  (The  boron  atom  is  at  the  center  of  a  BO4  tetrahedron  that  is  only 
slightly  distorted  so  the  components  of  the  EFG  are  quite  small.  The  EFG 
vanishes  for  perfect  tetrahedral  and  octahedral  symmetry.)  Additional  exam- 


Fig.  8.  NMR  spectrum  of  vitreous  B2O3  at  16  MHz  [5]. 
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Fig.  9.  Structural  groupings  found  in  alkali  borate  compounds  and  glasses. 


pies  [2]  for  this  case  of  small  Q^c  are  shown  in  Fig.  5.  Since  the  boron  site  in 
both  ZrB2  and  TiB2  has  an  axis  of  three-fold  symmetry,  ri=0  and  this  is  the 
case  depicted  in  Fig.  3.  The  measured  values  of  Qcc  are  118  kHz  for  ZrB2  and 
360  kHz  for  TiB2. 

When  the  quadrupole  interaction  is  larger  (but  still  treatable  as  a  perturba¬ 
tion  of  the  Zeeman  interaction),  the  central  (m=-f  1/2  -1/2)  transition  is 

affected  in  second  order.  Figure  6  displays  the  theoretical  pattern  for  this  case, 
both  for  r|<l/3  andri>l/3.  The  particular  case  of  small  or  zero  r|  is  illustrated 
in  Fig.  7  where  the  dashed  lines  indicate  the  theoretical  pattern  without  broad¬ 
ening  and  the  solid  line  indicates  the  expected  lineshape  when  broadening  is 
included.  This  transition  [5]  for  ^^B  in  vitreous  boron  oxide  (B2O3)  is  displayed 
in  Fig.  8. 

In  this  case,  in  which  all  of  the  boron  atoms  are  in  the  center  of  planar 
triangles  of  oxygens  (i.e.  BO3  units)  and  all  of  the  oxygens  are  bridging  (i.e. 
bonded  to  two  borons),  one  finds  Qcc=2-76  MHz  and  r|=0T0.  The  departure 
from  perfect  trigonal  symmetry  about  the  axis  perpendicular  to  the  BO3  units 
and  passing  through  the  boron  is  small  or  moderate.  One  finds  for  such  BO3 
units  that  2-4  MHz  <  Qcc  ^  2-9  MHz  and  0  <  r)  <  0*2.  (In  the  case  of  vitreous 
B2O3,  the  BO3  units  are  portions  of  the  boroxol  structural  groupings  depicted 
in  Fig.  9,  but  they  occur  also  in  other  borate  structural  groupings  shown  there.) 
See,  however,  further  discussions  of  vitreous  B2O3  later  in  this  paper. 
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Fig.  10.  A  portion  of  the  (602)11”  chain  in  CaQB203;  non-bridging  oxygen  is  negatively  charged. 
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Fig.  11.  (a)  Theoretical  powder  pattern  for  the  transition  (m=+l/2  -1/2),  with  1=3/2,  Vo=16 
MHz,  Q(;c=2-56  MHz,  and  ri=0'54.  (b)  First  derivative  of  the  theoretical  powder  pattern  after 
convolution  with  a  Gaussian  curve  of  linewidth  2o=5  kHz.  (c)  Superposition  of  four  experimental 
traces  for  in  polycrystalline  calcium  metaborate,  at  a  resonant  frequency  of  16  MHz  [5(a)]. 

In  alkali  borate  compounds  of  50  molar  %  or  more  of  alkali  oxide,  one 
finds  BO3  units  that  have  one  or  more  nonbridging  oxygens  (NBO).  (That  is, 
the  oxygen  is  bonded  to  only  one  boron  and  is  negatively  charged.)  If  the  BO3 
unit  has  one  or  two  of  these,  the  trigonal  symmetry  noted  above  is  lost  and  the 
asymmetry  parameter  has  been  found  from  NMR  spectra  to  rise  into  the  range 


(a)  (b)  (c) 


Fig.  12.  "B  NMR  spectrum  of  (a)  a  BO4  unit,  (b)  a  BO3  unit,  (c)  a  BO3  ‘  unit  with  one  NBO, 
and  (d)  a  sample  containing  all  three  units  [5(a)] 
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Integrate 


Fig.  13.  Method  for  determining  N4  in  a  *  'B  NMR  spectrum.  The  experimental  spectrum  at 
the  top  is  the  first  derivative  of  the  absorption  curve. 

0*4  <  Tj  <  0-9.  An  example  is  calcium  metaborate  (Ca0.B203)  whose  chain  struc¬ 
ture  is  depicted  in  Fig.  10.  The  NMR  spectrum  [5(a)]  for  this  material  is  dis¬ 
played  in  Fig.  11.  These  asymmetric  BO3  units,  and  the  BO4  and  symmetric 
BO3  units,  are  all  present  in  many  borate  glasses.  Responses  from  all  three 
units  are  present  in  the  ”B  NMR  spectrum  [5(a)]  displayed  in  Fig.  12,  where 
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Fig.  14.  Ti  NMR  spectrum  of  glass  of  composition  Li20.3B203. 
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Fig.  15.  Composite  of  nuclear  magnetic  resonances  in  lithium  oxide-boron  oxide  glasses 
at  Vo=16-130  MHz.  The  mol%  of  LhO  is  given  for  each  glass. 


the  narrow  structureless  line  from  BO4 units  is  in  the  center  and  the  symmetric 
BO3  give  rise  to  the  middle  positive  peak  on  the  left  and  part  of  one  of  the 
negative  peaks  on  the  right.  The  fraction  of  each  type  of  unit  present  in  the 
glass  can  be  obtained  from  the  intensity  of  the  corresponding  NMR  responses, 
as  illustrated  in  Fig.  13  for  a  low-alkali  glass  where  N4  is  the  fraction  of  4- 
coordinated  borons  (i.e.  in  BO4  tetrahedra). 

A  large  number  of  spectra  for  3-coordinated  borons  can  be  generated  using 
ranges  of  Qcc,  T|,  and  the  line  broadening  parameter  s.  (See,  for  example,  Fig.  1 1). 
Comparison  of  the  simulated  and  actual  spectra  permits  determination  of  the 
values  of  Q^c  and  p.  Unfortunately,  the  satellite  responses  detected  for  4-coordi- 
nated  borons  in  crystalline  materials  (see  Figs  4  and  5)  are  severe^  broadened  in 
glasses  (due  to  the  disorder  and  consequent  spread  in  the  values  of  the  EFG 
tensor  components,  and  thus  in  Qcc  and  p)  and  concealed  under  the  broad  re¬ 
sponses  from  the  3-coordinated  borons.  (Note  that  the  effect  of  a  spread  of  Qcc 
and  p  values  on  the  second-order  quadrupolar  effects  in  the  central  transition  is 
much  less  than  the  effect  on  first-order  quadrupolar  effects,  though  it  can  be 
substantial  [1]).  It  is  rarely  possible  for  Qcc  and  p  to  be  determined  for  4-coordi- 
nated  borons  in  glasses,  though  the  satellite  transitions  have  been  obtained  for 
other  nuclei.  Figure  14  displays  the  ^Li  NMR  spectrum  for  a  lithium  borate 
glass;  the  satellite  transitions  are  certainly  spread  out,  but  are  clearly  visible. 

The  ability  to  distinguish  and  quantify  by  NMR  the  different  types  of  bond¬ 
ing  configurations  in  borates  and  borides  can  be  used  to  study  the  structures  of 
those  materials.  Several  examples  are  given  in  the  next  sections  of  this  paper. 


2.1  Structure  and  bonding  in  alkali  borate  glasses. 

Addition  of  an  alkali  oxide  to  boron  oxide  (B2O3)  initially  converts  3- 
coordinated  borons  (i.e.  in  BO3  units)  to  4-coordinated  borons  (i.e.  in  BO4 
units).  This  is  clearly  displayed  in  the  ^^B  NMR  spectra  (first  derivative  of  the 
absorption  line)  in  Fig.  15  where  the  narrow  line  (BO4)  appears  and  grows  at 
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Fig.  16.  The  fraction  N4of  boron  atoms  in  BO4  configurations  in  alkali  borate  glasses  plotted 
against  the  molar  percentage  of  alkali  oxide:  •,  Na20;  o,  K2O;  A,  LhO;  +,  Rb20;  x,  CS2O. 

the  expense  of  the  broad  line  (BO3).  This  was  discovered  by  Warren  [6]  and 
Zachariasen  [7]  in  the  1930s  by  analysis  of  x-ray  spectra;  but  there  had  been 
disagreement  for  some  30  years  or  so  over  the  behavior  of  N4,  the  fraction  of 
4-coordinated  borons,  as  the  molar  amount  or  fraction  of  the  alkali  oxide 
increased.  This  involved  the  so-called  ‘borate  anomaly’  so  named  because 
various  physical  properties  of  the  glasses  (e.g.  density,  coefficient  of  expansion) 
begin  to  change  substantially  at  about  15-20  mol%  alkali  oxide.  Several 
explanations  were  suggested  [6,8]  involving  a  leveling  off  or  rapid  reduction  of 


Fig.  17.  The  fraction  N4  of  boron  atoms  in  BO4  configurations  in  alkali  borate  glasses 
plotted  against  the  parameter  K=  x/l  -x.  This  figure  is  compiled  from  recent  data  using 
signal  averaging  and  rapid  quenching  to  form  some  of  the  glasses:  1-lithiumborate;  2-sodium 
borate;  3-potassium  borate;  4-rubidium  borate;  5-cesium  borate. 
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Fig.  18.  (a)  ^^BNMR  derivative  spectra  for  eight  Na20-B203  glasses.  Mol%  Na20  is  indicated 
to  the  right  of  each  trace,  (b)  Feature  A  of  Fig.  18(a)  on  an  expanded  scale. 

N4  above  15-20  mol%  alkali  oxide.  However,  a  plot  (Fig.  16)  of  N4  values  as  a 
function  of  the  mol%  alkali  modifier  shows  [9]  no  breaks  at  15-20  mol% 
modifier,  a  maximum  around  40  mol%,  and  a  reduction  to  zero  by  70  mol%. 
(The  solid  line  in  Fig.  15  is  the  function  x/l-x  where  the  composition  of  the 
glass  is  xA20(1-x)B203  and  A2O  is  the  alkali  oxide.  This  is  the  expected  behavior 
of  N4  if  each  oxygen  added  to  the  glass  melt  as  alkali  oxide  converts  two  BO3 
triangles  into  two  BO4  tetrahedra.  It  is  clear  that  the  ‘borate  anomaly’  does  not 
arise  from  any  sudden  change  in  the  rate  of  formation  of  4-coordinated  borons 
in  the  vicinity  of  1 5-20  mol%  alkali  oxide.  A  more  probable  explanation  involves 
the  appearance  in  the  network  of  appreciable  numbers  of  the  large,  awkward, 
space-filling  tetraborate  groups  (see  Fig.  9)  that  are  expected  to  appear  in  this 
composition  region  in  large  numbers  (according  to  the  Krogh-Moe  model). 

More  recent  NMR  studies  [10],  employing  more  sensitive  instrumentation, 
have  revealed  the  very  interesting  behavior  shown  in  Fig.  17.  Clearly,  the  value 
of  N4  at  a  given  value  of  R=  xl\-x  depends  on  the  particular  alkali  ion,  re¬ 
flecting  a  competition  between  two  processes:  formation  of  BO4  tetrahedra; 
formation  of  NBO.  Formation  of  4-coordinated  borons  (BO4  units)  at  any 
specified  composition  (i.e.  value  of  R)  is  reduced  as  the  size  (and  mass)  of  the 
alkali  ion  is  increased. 
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The  values  of  Q^c  andrj  for  each  type  of  BO3  unit  in  the  glass,  when  combined 
with  N4,  provide  a  basis  for  constructing  a  model  of  the  borate  glasses.  This 
model  is  that  of  Jan  Krogh-Moe  [1 1]  who  postulated  that  borate  glasses  should 
consist  of  the  structural  groupings  (See  Fig.  9)  found  in  the  crystalline  com¬ 
pounds  of  the  particular  glassforming  system.  (Gunnar  Hagg  [12]  had  suggested 
earlier  that  the  structural  units  that  appear  in  glasses  should  be  those  that  rap¬ 
idly  form  and  break  up  in  the  liquid  as  one  approaches  the  liquidus  from  higher 
temperatures).  Having  found  Qcc,  r),  and  N4  for  the  crystalline  compounds,  one 
can  proceed  to  construct  the  NMR  spectra  for  the  glasses  as  superpositions  of 
those  for  the  compounds.  (This  procedure  is  aided  by  parameters  obtained  from 
the  NMR  spectra  for  the  glasses  and  crystalline  compounds.  NMR  is  not 
discussed  here,  but  typical  spectra  [13]  are  presented  in  Fig.  18.  The  circles  in 
Fig.  18(b)  indicate  the  ability  to  use  computer  simulation  to  obtain  excellent  fits 
of  the  computed  spectra  to  features  of  the  actual  spectra  that  are  highly 
sensitive  to  the  values  of  and  rj.) 

Figure  19  displays  the  fractions  of  each  structural  grouping  found  in  a  family 
of  lithium  borate  glasses.  (B=boroxol  grouping,  T=tetraborate,  D=diborate, 
M=metaborate,  P=pyroborate^  0=orthoborate,  L=unidentified.  The  superscripts 
denote  3  and  4  coordination  of  the  borons.)  Feller  [14]  and  co-investigators  have 
beautifully  correlated  the  NMR-derived  appearance  and  disappearance  of  borate 
structural  groupings  in  glasses  with  changes  in  such  physical  properties  as  density. 

2.2  Alkali  borosilicate  glasses. 

The  use  of  ^^B  (and  ^°B)  NMR  to  determine  the  structure  of  binary  borate 
glasses  can  be  extended  to  ternary  and  even  more  complex  glasses.  Figure  20 


Fig.  19.  Fractions  of  each  borate  grouping  found  in  lithium  borate  glasses. 
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Fig.  20.  Composite  of  N4  data  for  glasses  in  the  system  Na20-~B203-Si02.  The  dashed  lines 
are  predictions  based  on  the  model  presented  in  Refs  [15,16]. 

displays  the  values  [15,  16]  of  N4  for  families  of  glasses  in  the  system 
RNa20.B203.KSi02 .  (This  system  is,  of  course,  the  basis  for  many  glasses  that 
are  of  great  technological  and  commercial  value,  such  as  Pyrex  and  Vycor 
glasses).  It  is  clearly  useful  to  divide  the  glasses  into  families  having  specific 
values  of  K  (the  ratio  of  Si02  to  B2O3)  and  plot  the  N4data  as  a  function  of  R 
(the  ratio  of  Na20  to  B2O3).  The  solid  lines  are  predictions  based  on  a  very 
simple  model  [1 5, 16]  of  the  Krogh-Moe  type,  employing  only  one  configuration 
in  addition  to  the  borate  groupings  displayed  in  Fig.  9.  That  configuration  is  a 
B04unit  whose  four  oxygens  are  all  bonded  to  silicons  in  Si02  tetrahedra;  it  is 
found  in  the  mineral  Reedmergnerite  [15,16].  Similar  plots  can  be  constructed 
for  the  fractions  of  borons  in  symmetric  and  asymmetric  BO3  units.  Perhaps 
the  most  significant  feature  of  Fig.  20  is  the  discovery  that  at  low  alkali  content 
all,  or  virtually  all,  of  the  Na20  is  associated  with  the  borate  structures  in  the 
glass  networks  rather  than  being  divided  between  the  silicate  and  borate 
structures.  The  straight  line  of  steep  slope  at  the  left  of  the  figure  and  ascending 
from  N4  =  O  at  R  =  O  to  N4  =  1  at  R  =  1  is  simply  the  N4  =  R  =  x/l-x  relation 
displayed  in  Fig.  16  for  the  pure  alkali  borate  (K  =  O)  glasses  The  N4  values 
for  the  sodium  borosilicate  glasses  all  fall  on  (or  almost  on)  this  line  up  to  a 
value  of  R  (depending  on  K)  at  which  the  values  depart  from  the  line  and 
eventually  decrease.  All  of  the  Na20  in  the  glass  is  being  used  to  4-coordinate 
borons  up  to  that  Na20  content  (value  of  R)  at  which  additional  Na20  begins 
to  divide  between  the  silicate  and  borate  structures  in  the  glass  network.  This 
is  a  wholly  unexpected  phenomenon. 
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3.  PURE  NUCLEAR  QUADRUPOLE  RESONANCE  (NQR)  STUDIES 
USING  and 

3.1  Introductory  Comments 

and  NMR  can  obviously  yield  much  information  about  structure 
and  chemical  bonding  in  solids  containing  boron.  However,  the  quadrupolar 
effects,  that  yield  the  information  that  is  sought,  are  only  perturbations  on  the 
Zeeman  interaction,  and  the  structures  that  they  cause  in  the  NMR  spectra 
often  overlap  (even  conceal)  each  other,  and  the  values  of  Qcc  andrj  are  limited 
to  three  or  even  two-figure  accuracy  (See,  for  example,  Fig.  12(d).)  One  would 
like  to  have  complete  resolution  of  the  structures,  and  be  able  to  measure  the 
parameters  more  accurately.  The  latter  will  facilitate  identification  of  structural 
groupings,  and  can  make  it  possible  to  detect  and  measure  the  effects  of  phase 
changes,  very  small  compositional  variations,  heat  treatments,  doping,  radiation, 
etc.  Fortunately,  this  resolution  and  increased  accuracy  can  be  secured  for 
borons  with  a  sufficiently  large  quadrupole  interaction  (i.e.  value  of  Q^c).  The 
procedure  involves  pure  nuclear  quadrupole  resonance  (NQR)  spectroscopy. 

3.2  History,  Theory,  and  Experimental  Results 

Since  the  quadrupolar  interaction  generates  a  set  of  energy  levels  in  the 
absence  of  a  magnetic  field,  transitions  between  these  levels  will  yield  resonance 
spectra  if  the  spectrometers  employed  are  sufficiently  sensitive  in  the  relevant 
frequency  regions.  These  zero-field  NMR  studies  are  labeled  pure  nuclear 
quadrupole  resonance  (NQR)  spectroscopy. 

Pure  NQR  spectra  in  solids  were  first  detected  by  Dehmelt  &  Kruger  in  1950 

[17] .  A  large  body  of  NQR  studies  of  chemical  bonding  and  atomic  arrange¬ 
ments  in  crystalline  solids,  using  quadrupolar  nuclei,  has  followed  from  that 
discovery  and  continues  to  expand.  (See,  for  example,  the  summaries  by  Lucken 

[18] ,  Schempp  &  Bray  [19],  Semin  et  al  [20],  and  Rubenstein  &  Taylor  [21]. 
Analysis  of  the  Hamiltonian  [22]  for  the  nuclear  quadrupole  interaction  in 

the  absence  of  a  magnetic  field  and  for  a  nuclear  spin  1=3/2  (e.g.  ^^B)  yields 
only  two  energy  levels  and  a  single  transition  frequency  between  those  levels: 


Since  Q^c  for  3-coordinated  borons  has  a  range  of  values  2*4  <  Q^^  <  2-9  MHz, 
the  transition  frequency  predicted  for  ^^B  in  those  BO3  units  is  in  the  1  -2  to  1  -7 
MHz  range.  The  signal-to-noise  ratio  for  magnetic  resonance  transitions 
depends  theoretically  on  the  square  of  the  resonance  frequency,  so  detection 
of  NQR  in  the  1  MHz  region  is  clearly  much  more  difficult  than  detection  of 
responses  at  the  decades  or  hundreds  of  MHz  which  is  the  common  case  in 
NMR  (and  in  NQR  for  many  nuclei  such  as  Cl,  Br,  I,  As,  Sb,  etc.  in  various 
bonding  configurations.)  But  Fig.  21  displays  the  success  obtained  for  ^^B  near 
1-35  MHz  in  crystalline  B2O3  when  the  sample  is  at  77K.  (Details  of  the 
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Fig.  21.  Boron  NQR  spectrum  of  crystalline  B2O3. 


continuous  wave  (CW)  spectrometer  that  employs  a  regenerative  oscillator  are 
given  elsewhere  [23,24].)  The  full  width  at  half  maximum  (FWHM)  is  15  kHz. 
Also  present  in  Fig.  21  is  a  single  response  from  the  isotope,  which  is  shown 
in  an  expanded  vertical  scale  in  Fig.  22. 

Nothing  really  new  about  crystalline  B2O3  can  be  deduced  from  the  single 
^^B  NQR  frequency,  which  is  in  agreement  with  the  value  of  Q^=2'69  MHz 
and  r|=0-06  deduced  from  the  ^^B  NMR  spectrum  for  this  material  [25].  Since 
Equation  1  contains  both  Q^c  and  q,  independent  values  of  those  parameters 
cannot  be  obtained  from  the  single  ^^B  resonance.  But  far  more  accurate  val¬ 
ues  of  Qcc  and  q  can  be  deduced  from  the  1 3  ^^B  NQR  responses  predicted  [26] 
from  calculations  of  the  transition  frequencies  for  this  case  of  a  nucleus  of 


Fig.  22.  The  features  of  Figure  21  displayed  with  a  greatly  expanded  vertical  scale. 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


15 


Fig.  23.  NQR  frequencies  for  the  spin  3  nucleus  and  the  spin  3/2  nucleus 

spin  1=3.  The  allowed  single-quantum  transitions  [26]  are  presented  in  Fig.  23 
where  the  ratio  v/Q^c  is  plotted  for  each  transition  as  a  function  of  the  asym¬ 
metry  parameter  p.  A  computer  fit  of  the  ratios  of  the  observed  transition 
frequencies  to  those  in  Fig.  23  yields  the  correct  value  of  r|;  since  v  is  known,  the 
value  of  Qcc  is  then  obtained  from  v/Q^c.  (All  of  this  can  be  done  approximately 
by  just  using  Fig.  23,  but  a  computer  program  does  the  fitting  quickly  and  yields 
very  accurate  values  of  Qccand  r).)  The  response  shown  in  Figs.  21  and  22  is 
the  highest  frequency  resonance  for  crystalline  B2O3.  Use  of  additional  ^‘^B 
responses  (see,  for  example,  Fig.  24)  detected  at  frequencies  somewhat  below  the 
range  used  in  Fig.  21  yields  values  of  Qcc(“B)  =  2701T10-2  kHz  and  r|  = 
0-0669±0-004  for  this  material  (at  77K).  These  can  be  compared  with  the  values 
Qcc  =  2690±30  kHz  and  r|=  0'06±0*02  previously  obtained  [25]  at  300  K  from 
NMR  spectra.  Clearly,  the  values  yielded  by  ^“^B  NQR  spectroscopy  are  of  such 
accuracy  that  they  can  provide  a  very  stringent  test  of  various  types  of  molecu¬ 
lar  orbital  calculations  from  which  Q^c  andrj  can  be  calculated,  and  also  provide 


kHz 

Fig.  24.  NMR  resonance  from  the  spectrum  of  crystalline  B3O3  at  77  K. 
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Fig.  25.  "B  and  NQR  spectra  for  CaO.BiOs  at  77  K;  the  *‘B  line  is  driven  off  scale  in 

order  to  show  the  ^‘^B  lines. 

the  desired  sensitivity  to  phase  changes  and  the  effects  of  doping,  heat  treat¬ 
ments,  radiation,  etc. 

Another  example  of  and  NQR  of  borates  is  that  for  polycrystalline 
calcium  metaborate  (Ca0.B203).  Portions  of  the  NQR  spectrum  for  this  mate¬ 
rial  [27]  are  displayed  in  Fig.  25.  The  accumulation  of  many  spectra  validates  the 
^®B  responses  that  are  weak  in  the  figure.  (It  should  be  noted  that,  although  it 
was  not  done  in  this  case,  enrichment  of  ^^B  from  its  normal  isotopic  abundance 
of  about  1 8%  to  as  much  as  94%  can  be  obtained  at  moderate  cost  when  crystal¬ 
line  H3BO3  is  used  in  the  preparation  of  boron-containing  materials.  This  will 
increase  the  signal  strength  of  the  ^^B  response  by  a  factor  of  five  or  so.  It 
should  also  be  noted  that  as  few  as  two  ^^B  responses  are  necessary  for  obtain¬ 
ing  values  of  Q^c  and  tj,  if  the  responses  have  been  correctly  identified  as  to 
which  of  the  13  transitions  they  are.)  Analysis  of  the  responses  in  Fig.  25  yields 
Q^("B)=2594*3±0-5  kHz  and  tj  =0-51 5±0-001. 

This  discussion  has  so  far  considered  only  boron  in  BO3  units.  Since  the 
values  of  Qcc  for  ^^B  in  BO4  units  are  less  than  900  kHz,  regions  of  frequency 
below  about  500  kHz  would  have  to  be  searched  for  the  ^^B  and  ^°B  responses 
for  these  4-coordinated  borons.  Success  [28]  has  been  achieved  (Fig.  26)  for  the 
single  ^^B  response  at  about  275  kHz  for  4-coordinated  borons  in  polycrystal¬ 
line  lithium  diborate  (Li20.2B203)  at  77  K,  but  this  is  probably  the  lower  fre¬ 
quency  limit  for  the  present  NQR  spectrometer.  The  "B  responses  [24]  for  the 
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Fig.  26.  NQR  spectrum  for  four-coordinated  borons  in  crystalline  Li20.2B203, 


two  4-coordinated  boron  sites  in  crystalline  lead  diborate  (Pb0.2B203)  are  dis¬ 
played  in  Fig.  27.  The  frequencies  and  Q^c  values  are  higher  here  because  the 
presence  of  3-coordinated  oxygens  4-coordinates  all  of  the  borons  in  this  ma¬ 
terial  but  distorts  the  BO4  tetrahedra. 

Vitreous  borates  can  also  be  studied  by  NQR.  Figure  28  depicts  the  ^^B  NQR 
responses  for  a  sample  of  B2O3  glass.  [29]  The  most  interesting  feature  is  the 
appearance  of  two  responses  reflecting  the  occurrence  of  two  different  boron 
sites  in  the  glass.  The  responses  from  these  two  sites  are  not  resolved  in  the  NMR 
spectrum  (see  Fig.  8),  but  are  very  clearly  resolved  by  NQR.  The  larger  response 
at  higher  frequency  apparently  arises  from  borons  in  boroxol  groups  [30]  (see 
Fig.  9),  but  the  other  site  has  not  yet  been  identified.  The  major  advantage  of 
NQR  over  NMR  in  terms  of  resolving  responses  from  various  boron  sites  in 
solids  is  dramatically  exemplified  in  this  case  of  vitreous  B2O3 

4.  CONCLUDING  REMARKS 

The  ^^B  and  ^^B  studies  presented  here  of  boron-containing  solids  have 
involved  only  NQR  and  standard  NMR  techniques.  Other  valuable  NMR 
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Fig.  27.  '^B  NQR  responses  for  crystalline  Pb0.2B203. 
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Fig.  28.  “B  responses  from  vitreous  B2O3. 

studies  of  borates,  principally  involving  glasses,  have  been  conducted  using 
newer  NMR  techniques.  Examples  include  the  pulsed  NMR  studies  by  Martin 
[31],  magic  angle  sample  spinning  (MAS)  NMR  studies  such  as  the  work  of 
Kirkpatrick  &  Oldfield  [32],  the  very  interesting  work  of  Muller- Warmuth  [33] 
using  analysis  of  the  spinning  sidebands  of  MAS  NMR  (labeled  SATRAS 
NMR),  and  the  dynamic  angle  spinning  (DAS)  double  rotation  (DOR)  and  2- 
1  dimensional  (2D)  NMR  techniques  employed  by  Zwanziger  [34]  and  others. 

'  Clearly,  there  are  now  many  ways  to  study  boron  in  solids  by  magnetic 

'  resonance,  and  they  will  increasingly  yield  valuable  information  about 

composition,  structure,  chemical  bonding,  election  distribution,  defects,  strains, 
thermal  histories,  and  other  characteristics  of  borates  and  borides. 
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A  combination  of  nuclear  magnetic  resonance  techniques  are  used  to  study 
the  short  and  intermediate  range  structure  of  boron  oxide  glass  and  potas¬ 
sium  borate  glasses.  It  is  inferred  that  intermediate  range  order  in  boron 
oxide  glass  arises  from  a  propensity  for  boroxol  rings  to  aggregate,  making 
clusters  with  a  typical  size  of  20-40  A.  As  the  glass  is  modified  with  potas¬ 
sium  oxide  it  is  shown  that  the  modification  occurs  at  both  boroxol  ring  and 
non-ring  sites,  and  a  model  is  proposed  that  combines  both  NMR  and  Ra¬ 
man  spectroscopic  observations  of  the  structural  changes. 


1.  INTRODUCTION 

The  pioneering  use  of  NMR  by  Bray  as  a  probe  of  glass  structure  has 
established  this  technique  as  a  key  tool  in  glass  science  [1].  Nowhere  has  NMR 
been  more  effective  than  in  application  to  borates,  where  the  proportion  of 
structural  types  and  their  dependence  on  the  modification  chemistry  have  been 
explored  in  detail  [2].  The  majority  of  what  is  known  today  on  this  subject  is 
directly  attributable  to  Bray  and  his  research  group,  and  so  it  is  with  great 
pleasure  that  we  make  the  present  contribution,  at  a  meeting  in  his  honor. 

The  complexity  of  borate  glass  structure  stems,  in  our  view,  from  the  com¬ 
plexity  of  boron  chemistry.  While  boron  in  oxides  is  always  found  in  oxidation 
state  III,  it  exists  in  both  three-fold  and  four-fold  coordinate  forms.  Also,  in 
oxides  it  readily  forms  both  chains  and  rings,  and  crystalline  borates  show  a 
fascinating  variety  of  linkages  between  these  various  forms. 

Rings,  in  the  form  of  boroxol  groups  (B3O3)  are  present  already  in  pure 
boron  oxide  glass,  though  to  be  sure  their  concentration  is  debated.  The  ex¬ 
perimental  evidence  in  favor  of  their  existence  is  strong,  however,  and  includes 
Raman  spectroscopy  [3],  neutron  scattering  [4,5],  NQR  [6],  and  NMR  [7-9]. 
There  is  a  broad  consensus  among  these  techniques  that  the  fraction  of  boron 
in  rings  is  between  0-7-0- 8,  which  is  to  say  that  the  glass  consists  of  roughly 
half  boroxol  rings,  half  non-ring  BO3  units  (because  each  boroxol  ring  itself 
contains  three  boron,  to  one  for  a  BO3  unit).  How  these  units  are  joined  in 
B2O3  is  one  of  the  subjects  of  this  paper. 
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The  other  focus  of  the  paper  is  the  way  that  the  linkages  are  changed  when 
a  modifier  is  added,  in  particular  an  alkali  oxide,  K2O.  It  is  well-known  that 
metal  oxide  modifiers  at  low  concentrations  induce  formation  of  four-coordi¬ 
nate  (BO4)'  groups  [1,2,10,1 1].  For  alkali  oxides  this  persists  up  to  about  33% 
added  modifier,  at  which  point  non-bridging  oxygen  formation  becomes  sig¬ 
nificant  [10,11].  Quantification  of  the  fraction  of  four-coordinate  boron  has 
been  one  of  the  notable  successes  in  the  application  of  NMR  to  these  materi¬ 
als.  How  these  four-coordinate  boron  are  incorporated  in  the  structure,  that  is, 
how  they  are  linked  in  rings  and  to  non-ring  boron,  is  a  question  about  the 
intermediate-range  order  of  the  glass.  Magnetic  resonance  has  been  used  to 
study  this  question  as  well  [6,12-15],  but  most  results  have  been  based  on  Ra¬ 
man  spectra,  which  are  known  to  be  quite  sensitive  to  the  boroxol  ring  struc¬ 
tures  present  in  the  pure  glass  [16-20].  Assignments  of  the  spectra  are  made 
based  on  analogy  with  crystalline  borates  [3],  which  show  a  large  variety  of 
modified  rings^  including  triborate,  pentaborate,  etc.  These  studies  have  focussed 
on  the  boroxol  rings  as  the  source  of  modifiable  boron,  and  have  not  consid¬ 
ered  explicitly  the  incorporation  of  the  non-ring  BO3  into  modified  structures, 
and  its  possible  direct  modification  to  BOf. 

In  this  contribution  we  will  present  results  of  a  study  of  potassium  borate 
glasses,  obtained  using  the  Dynamic  Angle  Spinning  NMR  (DAS)  experiment 
in  conjunction  with  Raman  spectroscopy.  With  DAS  we  can  detect  both  the 
ring  and  non-ring  BO3  groups,  and  the  BOf  groups  as  they  are  formed  [8,15]. 
We  use  DAS  data  taken  on  crystalline  potassium  borates  to  calibrate  our  re¬ 
sults.  Then,  by  combining  the  NMR  data  with  Raman  data  on  the  same  glasses, 
we  arrive  at  a  unified  structural  model  of  the  modification  in  the  glasses,  which 
accounts  for  both  modification  in  the  rings  and  the  non-ring  groups,  and  esti¬ 
mates  of  how  the  proportions  of  these  units  change  with  added  modifier. 

In  the  following  section  of  the  paper  we  outline  our  experimental  methods 
of  sample  preparation,  NMR,  and  Raman  spectroscopy.  Then  we  list  the  re¬ 
sults  of  the  experiments,  and  turn  to  their  interpretation.  We  end  with  conclu¬ 
sions  and  a  summary  of  remaining  problems. 

2.  EXPERIMENTAL  METHODS 
2.1  Sample  Preparation 

.  Glasses  enriched  to  90%  in  ^^B  were  made  by  fusing  together  appropriate 
quantities  of  boric  acid  (Strem,  99-9995%),  boric  acid  enriched  to  97%  in  ^®B 
(Aldrich),  and  potassium  carbonate  (Strem,  99-8%)  at  1000°C.  Depletion  of  the 
^^B  isotope  was  necessary  to  alleviate  spin  diffusion  in  the  DAS  NMR  experiments 
[8].  The  melts  were  held  at  this  temperature  for  one  hour  and  quenched  by 
removing  the  platinum  crucible  from  the  furnace  and  cooling  in  a  dry  nitrogen 
atmosphere.  The  clear,  colorless  glasses  were  broken  into  small  pieces  and  stored 
under  nitrogen  to  minimize  absorption  of  water.  After  obtaining  Raman  data 
on  the  bulk  samples,  the  glasses  were  powdered  for  NMR  analysis.  X-ray  powder 
diffraction  was  used  to  verify  the  amorphous  character  of  these  samples.  Final 
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compositions  were  checked  by  weight  loss  measurements 

Potassium  borate  glasses,  enriched  in  were  prepared  by  fusing  together 
appropriate  amounts  of  ^^0-enriched  boron  oxide  and  potassium  carbonate. 
The  synthesis  of  ^^O-enriched  B2O3  is  described  elsewhere  [9].  After  thoroughly 
mixing  these  two  materials,  they  were  melted  at  1000°C  for  15  minutes.  The 
melts  were  quenched  by  cooling  in  a  dry  nitrogen  environment. 

2.2  NMR  Spectroscopy 

NMR  spectra  were  acquired  at  both  115-6  MHz  and  64-2  MHz,  using  a 
home-built  spectrometer.  Sample-spinning  experiments  were  carried  out  with 
a  commercial  DAS  probe  (Doty  Scientific),  under  the  control  of  the 
spectrometer.  Typical  sample  rotation  frequencies  were  6-7  kHz. 

The  DAS  experiment  was  designed  to  remove  anisotropic  broadenings  and 
yield  high  resolution  NMR  spectra  of  quadrupolar  nuclei  like  ^^B  and 
[21,22].  For  these  nuclei,  at  the  magnetic  field  strengths  used  here,  anisotropic 
terms  of  both  first  and  second  order  are  important.  Conventional  Magic  An¬ 
gle  Spinning  (MAS)  removes  the  first  order  terms,  but  not  the  second  order. 
Because  the  anisotropies  depend  on  both  P2(cosd)  and  P4(cos0),  where  P,  is  a 
Legendre  polynomial  and  0  is  the  angle  between  the  rotor  axis  and  the  mag¬ 
netic  field,  there  is  no  single  angle  0  about  which  sample  spinning  removes 
both  sources  of  broadening.  DAS  exploits  the  fact  that  there  are  pairs  of  an¬ 
gles  such  that 

P2(cos0i)  =  -P2(cos02),  P4(cos  0i)  =  -P4(cos02)  (1) 

The  experiment  is  executed  with  two  time  evolution  periods,  the  first  with  the 
sample  spinning  about  0i,  and  the  second  about  02.  Because  of  the  sign  change 
in  the  anisotropy,  a  spin  echo  is  formed  in  which  all  first  and  second  order 
broadening  is  canceled  out.  Using  this  experiment,  sites  with  20  kHz  line  widths 
under  static  conditions  and  5  kHz  line  widths  under  MAS  yield  spectra  with 
200  Hz  wide  lines. 

For  the  DAS  experiments  discussed  here,  the  rotor  orientation  angles  used 
were  01=37-38°  and  02=79-19°,  with  k^l.  The  time  to  reorient  the  probe  and 
re-establish  stable  spinning  between  these  angles  was  40  ms.  For  the  glass  sam¬ 
ples,  the  shifted-echo  DAS  sequence  with  hypercomplex  data  acquisition  was 
used,  while  for  the  crystalline  samples  only  shifted-echo  DAS  was  employed 
[23].  Each  data  set  consisted  of  typically  64-128  scans  (256  complex  points)  at 
each  of  80  ti  points,  with  15-60  seconds  (for  glasses)  and  600  seconds  (crystals) 
between  scans  to  allow  for  full  relaxation  of  all  sites.  Each  such  series  of  data 
was  zero-filled  to  512  x  512  before  transformation.  No  smoothing  was  used  in 
either  dimension.  The  time  necessary  to  acquire  each  spectrum  varied  from 
about  24  hours  for  glass  samples  in  the  higher  field,  to  as  much  as  several 
weeks  for  the  crystalline  samples  at  the  low  field.  The  major  difference  is  that 
the  relaxation  times  in  the  glasses  are  typically  an  order  of  magnitude  shorter 
than  in  corresponding  crystals. 
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Fig.  1.  (a)  Two-dimensional  DAS  spectrum  of  “B  in  (K2 0)20(6 203)30  glass.  The  projection  at 

the  left  is  the  high  resolution  dimension.  Shifts  are  in  ppm  referenced  to  Et20BF3.  Slices 
through  the  data  at  three  key  isotopic  shifts  are  shown  to  the  right;  (b)  -0-3  ppm,  four  fold 
coordinate  boron;  (c)  1-0  ppm,  loose  BO3  units;  (d)  4-7  ppm,  BO3  units  in  rings. 

2.3  Raman  Spectroscopy 

Raman  spectra  were  obtained  on  a  commercial  Raman  spectrometer 
(Spectra-Code)  at  the  Purdue  University  Chemistry  Department  Laser  Facility 
The  excitation  source  was  the  632-8  nm  line  of  a  30  mW  helium-neon  laser  and 
the  spectral  resolution  was  3  cm"^  The  instrument  uses  integral  holographic 
filtering  and  a  liquid  nitrogen  cooled  CCD  detector.  Data  was  obtained  using 
large  pieces  of  glassy  sample,  sealed  in  a  quartz  sample  cuvette.  The  scattering 
intensity  was  integrated  over  600  s  of  detector  exposure  time.  Spectra  were 
acquired  under  ambient  pressure  and  temperature  conditions. 

3.  RESULTS 

Figure  1  shows  a  typical  two-dimensional  DAS  spectrum  of  a  potassium 
borate  glass.  The  powder  patterns  obtained  at  different  isotropic  shifts  are  shown 
on  the  right  side  of  this  figure;  the  total  powder  pattern  is  projected  at  the  top 
of  the  contour  plot.  At  left  is  the  high  resolution  dimension.  Figure  2  shows  a 
series  of  high-resolution  spectra  as  a  function  of  potassium  oxide  content. 

Raman  spectra  (not  shown)  of  the  potassium  borate  glasses  show  the  same 
behavior  seen  in  previous  studies.  The  dominant  feature  is  a  sharp,  strong  peak 
at  808  cm"^  in  pure  B2O3  glass,  which  decreases  in  intensity  with  added  modi¬ 
fier.  In  addition,  a  somewhat  broader  peak  grows  in  at  about  770  cm"^  By  a 
modifier  level  of  33%,  the  808  cm“^  has  vanished.  Additionally,  broad  weak 
features  in  the  300-800  cm“^  region  were  seen,  which  at  low  modifier  content 
have  been  assigned  to  motions  of  the  loose  BO3  units  [27]. 
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Fig.  2.  Isotropic  shift  spectra  of  in  (K20)x(B203)i-x  glasses,  from  DAS  NMR.  (a)  x=0  0 
(B2O3);  (b)  x=0-08;  (c)  x=0-13;  (d)  x=0*18;  (e)  x=0-23;  (f)  x=0-28;  (g)  x=0-33;  and  (h)  x=0'38. 
The  vertical  lines  are  drawn  at  the  isotropic  shifts  of  the  three  sites.  Solid  line:  4*7  ppm,  the 
ring  three  coordinate  boron  shift;  long  dashed  line:  1  ppm,  boron  in  loose  BO3  units;  short 
dashed  line:  -0*3  ppm,  four  coordinate  boron.  Very  weak  features,  for  example  those  near  8 
ppm,  are  truncation  errors  due  to  the  finite  data  set  size. 

4.  DISCUSSION 

4.1  Intermediate  Range  Order  and  the  Structure  of  Pure  B2O3 

Here  we  briefly  review  the  structure  of  pure  B2O3  glass.  As  stated  in  the  introduction, 
a  wealth  of  experimental  evidence  supports  the  view  that  boroxol  rings  (B3O3)  are 
present  in  significant  amounts  in  the  pure  glass,  with  estimates  ranging  up  to  80%  of 
the  total  boron  being  present  in  this  form  [3-9].  These  units  have  a  sharp  Raman 
signature,  where  they  give  rise  to  a  narrow  band  at  808  cm“^  [3,16].  Moreover,  Gravina 
&  Bray,  using  NQR  [6],  and  our  lab,  using  NMR  [8],  obtained  well  resolved  boron 
spectra  that  show  two  distinct  sites,  which  are  assignable  to  boron  wdthin  boroxol 
rings  and  boron  outside  rings  (see  for  example  Figure  2a).  Bray  and  co-workers  have 
also  obtained  NMR  spectra  that  suggest  the  presence  of  multiple  oxygen  sites, 
again  wdthin  and  outside  of  boroxol  rings  [7]. 
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The  NMR  spectra  of  potassium  borate  crystals  provide  strong  evidence  for 
the  boroxol  ring  model.  The  crystal  structures  of  a  variety  of  such  crystals  are 
known,  and  so  the  boron  resonances  can  be  assigned  unambiguously  from 
their  intensities.  We  found  that  boron  in  the  metaborate  ring  (from  K3B3O6), 
has  an  isotropic  shift  of  4*9  ppm,  almost  identical  to  the  4-7  ppm  shift 
seen  in  the  glass.  The  metaborate  ring  is  a  planar  boroxol  ring  capped  by 
non-bridging  oxygen.  Next,  in  the  crystals,  non-ring  BO3  groups  are  found  in 
the  range  1  *0-2*3  ppm,  with  the  most  down-field  shift  arising  from  a  BO3  group 
with  two  BO4  neighbors  BO3  groups  in  modified  boroxol  rings  have  isotropic 
shifts  within  a  ppm  of  the  metaborate  shift,  never  farther  upfield  than  3*8 
ppm.  These  results  on  crystalline  compounds  are,  in  our  opinion,  only  consist¬ 
ent  with  assignment  of  the  4*7  ppm  shift  in  the  glass  to  boroxol  rings,  and  the 
1*0  ppm  shift  to  non-ring  BO3  groups. 

The  glass  structure  is  further  probed  through  oxygen  NMR.  Recently,  we 
obtained  very  high-resolution  NMR  spectra,  using  the  Double  Rotation 
(DOR)  NMR  experiment,  which  showed  three  resolved  oxygen  sites  [9].  This 
experiment  removes  both  first  and  second-order  quadrupole  broadening,  as 
does  DAS.  A  difficulty  in  using  this  experiment,  as  compared  to  DAS  and 
MAS,  is  the  comparatively  low  spinning  rates  achievable  (<  1  kHz).  This  gives 
rise  to  spectra  with  a  great  many  spinning  sidebands,  making  accurate  inten¬ 
sity  determination  problematic.  To  circumvent  this  problem  we  performed  time- 
dependent  simulations  of  the  spectra,  which  account  for  the  sidebands,  and 
used  the  interaction  parameters  and  intensities  to  simulate  MAS  spectra,  which 
we  could  record  with  excellent  signal  to  noise  and  little  interference  from 
sidebands.  The  results  of  these  consistency  checks  were  that  the  spectra  arise 
from  three  sites  with  relative  populations  0*5±0*1,  0*3±0*1  and  0*2±0*1.  The 
interaction  parameters  (chemical  shift  and  quadrupole  coupling)  of  the  three 
sites  are  similar  and  all  indicate  oxygen  in  bridging  configurations. 

To  assign  these  sites  we  constructed  a  model  based  on  the  assumption  that 
four  resolvable  oxygen  sites  could  be  present:  oxygen  in  boroxol  rings,  oxygen 
bridging  boroxol  rings,  oxygen  bridging  rings  and  non-ring  BO3,  and  finally 
oxygen  bridging  two  non-ring  BO3  units.  Two  facts  were  used  to  constrain  the 
concentrations  of  these  four  units:  the  ratio  of  oxygen  to  boron  in  the  glass  (3/2) 
and  the  fraction  of  boron  present  in  rings  (0*7,  based  on  our  NMR  data  on 
these  samples)  [8,9].  This  is  sufficient  to  constrain  the  oxygen  site  populations 
leaving  only  a  single  degree  of  freedom.  For  example,  consider  the  ring  oxy¬ 
gen.  Call  the  number  of  ring  boron  atoms  R;  then  there  are  also  R  ring  oxygen 
atoms,  since  the  ring  composition  is  B3O3.  The  fraction  of  ring  oxygen  is  then 
RIN,  where  A  is  the  total  number  of  oxygen  atoms.  But  N/M  =  3/2,  where  M  is 
the  total  number  of  boron  atoms.  Therefore  RIN  -  2RJ3M  =  0*7x2/3  =  0*47, 
since  the  fraction  of  boron  in  rings  R/N  =  0*7.  We  thus  assign  the  experimen¬ 
tally  observed  resonance  with  intensity  0*5  as  the  ring  oxygen  site  (note  that 
there  are  no  adjustable  parameters  in  this  assignment).  For  the  other  three 
oxygen  sites  two  independent  equations  may  be  derived,  following  reasoning 
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similar  to  the  above.  The  solutions  of  these  equations  may  be  found  in  terms 
of  one  of  the  three  unknowns,  and  they  show  that  there  is  only  one  region  of 
solution  space  that  corresponds  to  the  observed  intensities  of  0-5, 0*3,  and  0-2: 
when  the  population  of  ring  to  non-ring  bridging  oxygen  is  small. 

A  small  concentration  of  ring  to  non-ring  connections  suggests  that  the  glass 
consists  of  regions  rich  in  boroxol  rings,  and  regions  poor  in  rings.  From  the  size 
of  rings  and  the  assumption  that  each  ring  on  the  surface  of  a  ring-rich  region 
makes  a  single  connection  to  non-ring  BO3  units,  we  estimated  the  size  of  the  ring- 
rich  regions  to  be  about  20-40  A.  Interestingly,  recent  light-scattering  measure¬ 
ments  at  the  glass  transition  in  B2O3  [24,25],  as  well  as  an  interpretation  of  the 
boson  peak  [26],  are  both  consistent  with  structural  inhomogeneities  on  this  length 
scale.  Indeed,  intermediate  range  order  is  conjectured  to  be  universal  in  glass  for¬ 
mation.  Our  data  suggests  its  structural  origin  in  this  particular  material. 

4.2  Conversion  from  Three-fold  to  Four-fold  Coordination 

As  stated  in  the  introduction,  there  is  considerable  evidence  showing  that  as 
modifiers  are  added  to  borate  glass,  the  initial  structural  change  is  the  conversion 
of  three-fold  coordinate  boron  to  four-fold  coordination.  Because  of  the  presence 
of  both  boroxol  rings  and  non-ring  BO3  units  in  the  pure  glass  and  melt  [27],  this 
modification  could  happen  at  either  site  or  both.  Considerable  work  using  Raman 
spectroscopy  indicates  that  the  pure  boroxol  rings  are  modified  in  some  way,  as 
the  sharp  808  cm“^  peak  indicative  of  the  boroxol  rings  diminishes  in  intensity 
and  is  replaced  by  a  broader  feature  at  about  770  cm"^  This  pattern  is  observed 
also  in  the  present  study,  as  mentioned  above  in  Section  3. 

The  DAS  NMR  data  presented  in  Fig.  2  also  provides  a  way  to  follow  the 
structural  changes  upon  modification.  In  this  figure  it  is  clear  that  as  more 
modifier  is  added,  the  less  intense  peak  at  1  *0  ppm  decreases  in  intensity,  while 
a  new  feature  grows  in  at  -0*3  ppm.  The  strong  feature  at  4-7  ppm  decreases 
slightly.  These  three  resonances  are  all  well-fit  by  Gaussian  lineshapes,  and 
from  such  fits  the  relative  intensities  of  the  three  resonances  can  be  extracted. 
To  make  such  a  determination  we  fixed  the  isotropic  shift  of  each  resonance  at 
its  observed  value  in  the  0%  modification  sample  (for  the  4-7  ppm  and  1  *0  ppm 
features)  or  the  30%  modification  (the -0*3  ppm  feature).  Then,  the  intensities 
and  widths  were  allowed  to  vary  freely  in  fitting  the  spectra  for  different  modi¬ 
fier  content.  The  results  for  the  relative  intensities  are  shown  in  Fig.  3.  The 
widths  do  not  change  significantly  with  added  modifier. 

We  verified  that  the  DAS  NMR  experiment  gives  reliable  relative  intensities 
for  this  system  by  recording  spectra  of  crystalline  potassium  borates,  and  com¬ 
paring  the  boron  site  intensities  against  the  populations  derived  from  the  crys¬ 
tal  structures.  This  is  a  significant  check  because  the  three-fold  and  four-fold 
boron  have  quite  different  quadrupole  interaction  parameters,  and  hence  dif¬ 
ferent  NMR  nutation  behavior.  We  found  that  by  working  at  high  pulse  pow¬ 
ers  both  the  three-fold  and  four-fold  site  intensities  are  correctly  reproduced. 
This  strategy  was  used  to  acquire  all  the  glass  data  presented  here. 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


27 


0  0.1  0.2  0.3  0.4  0.5  0.6 

R=X/1-X 


Fig.  3.  Intensities  obtained  from  spectral  fits,  of  the  three  main  features  in  the  DAS  NMR 
spectra  of  ”B  in  (K20)x(B203)i_x  glasses  as  a  function  of  R=x/(l-xX  the  ratio  of  modifier  to 
boron  oxide  concentration.  □:  4-7  ppm  peak.  A:  1-0  ppm  peak.  O:  “0-3  ppm  peak.  Solid  lines 

are  from  model  of  Equations  2-4. 

At  0%  modifier  (pure  B2O3  glass)  the  features  in  the  NMR  spectra  have  been 
assigned  previously  as  boroxol  ring  boron  (4-7  ppm)  and  non-ring  BO3  units 
(1-0  ppm)  [8].  [Note  that  these  are  isotropic  shifts,  not  chemical  shifts,  and  as 
such  include  both  isotropic  chemical  shift  and  second-order  quadrupole  ef¬ 
fects.  The  latter  are  field-dependent,  so  these  shifts  are  specific  to  8-4  T,  the 
field  at  which  the  measurements  were  made.]  This  assignment  is  based  on 
intensities,  but  agrees  with  recent  ab  initio  calculations  [28].  The  feature  at  -0*3 
ppm  is  due  to  four-coordinate  boron.  We  studied  this  feature  in  detail  with  ^‘^B 
NMR  (chosen,  due  to  its  integer  spin  and  lower  gyromagnetic  ratio,  to  accen¬ 
tuate  quadrupole  effects  as  much  as  possible)  and  found  it  to  be  remarkably 
insensitive  not  only  to  the  modifier  content  in  the  glass,  but  even  to  the  chemi¬ 
cal  nature  of  the  modifier  (K2O,  Rb20,  Na20,  etc.)  and  the  physical  structure 
(glass  or  crystal).  The  four- fold  coordinate  sites  thus  have  a  very  robust  struc¬ 
ture  and  NMR  shift  signature.  The  three-fold  sites  are  more  difficult  to  assign 
in  the  modified  glasses,  and  we  turn  to  this  problem  in  the  next  section. 

4.3  A  Unified  Model  for  Borate  Modification  Chemistry 

As  noted  above,  Raman  spectra  strongly  indicate  that  the  symmetric  boroxol 
ring  is  modified,  presumably  being  converted  to  triborate  (two  three-fold  and 
one  four-fold  coordinate  boron  in  a  ring)  and  more  complex  ring  structures. 
Earlier  work  from  our  laboratory,  using  DAS  NMR,  indicated  that  substantial 
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modification  happens  as  well  at  the  non-ring  BO3  sites,  which  we  observed  in 
rubidium  borate  glasses  to  decrease  markedly  in  intensity  as  modifier  was  added 
[15].  Moreover,  the  NMR  resonance  initially  assigned  to  the  boroxol  ring  boron 
in  B2O3  decreased  only  slightly  in  intensity  with  added  modifier.  These 
observations  together  suggested  an  interpretation  in  contradiction  with  Raman 
studies,  namely  that  the  ring  sites  are  not  modified  to  any  great  extent,  while 
the  non-ring  BO3  groups  are  preferentially  converted  to  (BO4)". 

Here  we  use  our  more  complete  data  set,  which  includes  both  NMR  and 
Raman  spectra,  to  propose  a  unified  model  of  modification.  First,  our  NMR 
results  (Figure  3)  show  that  the  resonance  assigned  to  loose  BO3  units  decreases 
strongly  with  R;  a  fit  to  the  data  yields 

L'=0-35-0-75R  (2) 

where  is  the  fraction  of  boron  in  loose  BO3  units.  Likewise,  the  fraction  of 
boron  in  all  four-fold  coordinate  sites  can  be  taken  as 

L"  +  Rg^=R  (3) 

where  V  and  Rg^  are  the  fractions  of  boron  in  loose  and  ring-bound  four-fold 
sites,  respectively.  This  estimation  assumes  that  each  modifier  ion  produces  a 
single  BO4  unit,  and  hence  that  no  non-bridging  oxygen  are  formed.  At  the 
modifier  concentrations  considered  here  this  is  a  reasonably  accurate 
assumption.  Finally,  the  fraction  of  three-fold  boron  in  rings  of  all  kinds,  Rg^, 
follows  from  normalization,  as 

Rg^=-\-V-V-Rg^=0-65-0  25R  (4) 

Lines  corresponding  to  the  above  model  are  plotted  on  Fig.  3,  along  with  the 
data,  and  show  reasonable  agreement.  We  assume  in  this  plot  that  all  three-fold 
coordinate  boron  in  rings  have  equivalent  isotropic  shifts,  and  thus  overlap  in 
the  resonance  at  4*7  ppm.  To  check  this  assumption  we  have  examined  a  variety 
of  crystalline  potassium  borates,  of  known  structure,  and  found  that  the  three¬ 
fold  ring  sites  are  always  within  1  ppm  of  the  4*7  ppm  boroxol  ring  shift. 

The  above  equations  give  a  general  model  in  agreement  with  our  NMR  data 
on  the  partitioning  of  the  three-coordinate  boron  between  rings  and  loose 
units.  Our  NMR  data  do  not  resolve  individual  modified  ring  structures,  so 
there  are  a  variety  of  ways  to  realize  this  model.  We  proceed  by  assuming  that 
the  modified  rings  include  tetraborate  and  diborate  groups,  in  accord  with 
earlier  analyses  of  alkali  borate  glasses.  Then  the  glasses  are  taken  to  consist 
of  5  basic  units:  boroxol  rings,  tetraborate  and  diborate  units,  and  loose  BO3 
and  (B04)".  To  estimate  the  fractions  of  these  building  blocks  we  need  5  inde¬ 
pendent  constraints.  One  is  provided  by  normalization,  and  Equations  2  and  3 
provide  two  more.  Our  Raman  data  give  an  estimate  of  the  fraction  of  boroxol 
rings.  Iii  this  data  we  see  the  808  cm”^  band  decreasing  roughly  linearly,  and 
vanishing  by  roughly  the  composition  R  =  0  5  (this  is  in  reasonable  agreement 
with  earlier  ^®B  NMR  studies  [12,13]).  From  the  NMR  data  on  B2O3  we  find 
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the  fraction  of  boron  in  boroxol  rings,  to  be  0-65,  and  so  the  fraction  of 
boroxol  rings  themselves  is  0*38.  The  boroxol  ring  fraction  in  the  modified 
glass  is  thus  taken  as  0'38-0-76i?,  that  is,  a  linear  function  that  vanishes  at 
i?=0‘5.  Finally,  the  diborate  concentration  is  taken  from  Jellison  &  Bray’s  re¬ 
sults  [12],  who  found  that  the  ratio  of  boron  in  diborate  groups  to  boron  in 
rings  is  roughly  zero  for  /?<0T,  and  then  increases  approximately  linearly  to 
about  0-68  by  i?=0-5.  From  Equations  2,  3,  normalization,  and  the  concentra¬ 
tions  of  boroxol  rings  and  diborate  rings,  an  estimate  of  the  various  units  in 
the  glasses  can  be  made  as  a  function  of  composition.  Figure  4  shows  the 
results,  expressed  in  terms  of  the  fraction  of  boron  present  in  each  type  of  site. 
The  relative  concentrations  of  boroxol,  tetraborate,  and  diborate  rings  are  quite 
similar  to  earlier  determinations  [12,13].  Here,  however,  account  is  taken  ex¬ 
plicitly  of  the  loose  units,  so  the  concentrations  of  the  ring  species  are  reduced 
in  absolute  terms. 

The  agreement  between  the  ring  fractions  exhibited  in  Figure  4  and  those 
obtained  in  earlier  works  [12,13]  is  encouraging  because  here  the  only  ingredi¬ 
ent  taken  from  those  works  is  the  diborate  concentration.  The  boroxol  ring 
fraction  is  set  by  our  Raman  results,  and  the  loose  3-  and  4-fold  fractions  by 
the  DAS  NMR  results.  Figure  4  thus  represents  a  model  that  is  consistent  with 
our  present  high-resolution  NMR  results  on  the  loose  units,  Raman  spectra 
of  the  boroxol  rings,  and  earlier  wide-line  NMR  results  on  the  modified 
ring  fractions. 

5.  CONCLUSIONS 

We  have  presented  results  of  several  studies  on  borate  glass  structure,  made 
primarily  with  high-resolution  and  multidimensional  NMR  methods.  In  pure 
B2O3  glass  we  have  used  Double  Rotation  NMR  to  probe  the  oxygen 
environments,  and  found  that  three  independent  sites  could  be  resolved.  We 
constructed  a  model  to  interpret  these  sites,  which  suggests  that  the  boroxol 
rings  have  a  tendency  to  aggregate  in  the  glass.  This  would  explain  the 
intermediate  range  order  observed  in  scattering  studies  in  this  material. 

In  potassium  borate  glasses  we  were  able  to  follow  the  modification  using 
two-dimensional  Dynamic  Angle  Spinning  NMR.  These  experiments  resolve 
three  sites,  assigned  to  ring,  loose  BO3,  and  four-fold  coordinate  boron.  The 
partitioning  of  the  boron  among  these  sites  can  be  modeled  in  a  simple  way 
that  is  in  reasonable  agreement  with  the  data.  Then,  by  combining  the  intensities 
of  these  sites  with  Raman  spectra  and  earlier  estimations  of  the  diborate  con¬ 
centration,  a  full  model  is  developed  which  gives  the  concentrations  of  five 
structural  units  as  a  function  of  modifier:  boroxol  rings,  tetraborate  and 
diborate  groups,  and  loose  BO3  and  BO4  groups.  The  model  is  consistent  with 
the  present  DAS  NMR  data,  Raman  spectra,  and  the  earlier  studies  of  the 
modified  rings.  We  believe  it  to  be  a  significant  result  in  this  field,  because  for 
the  first  time  the  loose  units  are  explicitly  included  in  a  structural  model.  While 
the  majority  of  boron  atoms  are  present  in  rings,  at  low  modifier  concentra- 
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R  =  x/(l-x) 

Fig.  4.  Fraction  of  boron  in  each  type  of  site  for  the  model  outlined  in  the  text.  □:  boroxol  rings 
(B^);  V:  loose  BO3  groups  (L^);  o:  3-coordinate  boron  in  tetraborate  groups  (T^);  O:  4-coordinate 
boron  in  tetraborate  (T*);  x:  three-  and  four-coordinate  boron  in  diborate  (D^  D"^);  +:  loose  B04' 

groups  (L*^) 


tions  the  majority  of  structural  units  are  loose  BO3.  Thus  taking  them  into 
account  is  important.  Finally,  the  model  provides  a  unified  treatment  of  a 
variety  of  different  experiments,  each  capable  of  probing  different  elements  of 
the  glass  structure. 
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NMR  STUDIES  OF  BORATE  AND  BOROSILICATE 
GLASS  SYSTEMS  IN  KOREA 


Chunghi  RHEE 

Korea  Research  Institute  of  Standards  and  Science, 
RO.  Box  102,  Yusong,  Taejon  305-600,  Korea 


In  Korea  NMR  studies  on  borate  and  borosilicate  glass  systems  have  been 
carried  out  by  Professor  P  I  Bray’s  second  and  third  generation  physicists 
(NMR  experts)  for  the  last  25  years.  It  is  Professor  Bray’s  great  contribution 
in  this  area.  Borate  glass  systems  studied  by  ^^B  NMR  are  Na20-B203,  SrO- 
Al203~B203,  Pb0-Al203-B203,  V2O5-B2O3-AI2O3,  Na20-Al203-B203, 
Mg0-Al203-B203,  Ba0-B203-Al203,  Li20-B203-Al203  and  Cd0-B203- 
Ge02  systems.  Borosilicate  glass  systems  studied  by  “B  NMR  are  CdO- 
B203-Si02,  Li20-B203-Si02,  K20-B203-Si02,  K20-B203--Al203-Si02  and 
K20-B203-Si02-Fe203  systems.  Structural  studies  of  these  glass  systems  by 
^^B  NMR  is  reviewed  in  this  paper. 
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TEMPERATURE  EFFECTS  ON  BORATE  MELT 
STRUCTURE  AND  DYNAMICS:  NMR  STUDIES 


Jonathan  F.  STEBBINS  &  Sabyasachi  SEN 
Department  of  Geological  and  Environmental  Sciences, 
Stanford  University,  Stanford  CA  94305-2115,  USA 


Decades  of  NMR  studies  of  borate  glass  structure  have  provided  a  rich 
background  for  NMR  studies  of  the  structure  and  dynamics  of  the  corre¬ 
sponding  melts.  A  number  of  studies  of  glasses  with  varying  fictive  tem¬ 
peratures  have  shown  that  the  ratio  of  three  coordinated  to  four  coordinated 
boron  increases  with  temperature,  requiring  a  corresponding  increase  in  the 
fraction  of  non-bridging  oxygens.  The  corresponding  effect  on  dynamics  is 
to  increase  the  rate  of  exchange  among  the  boron  sites,  the  frequency  of 
which  seems  to  accurately  predict  the  shear  correlation  time.  Dynamics  of 
both  network-former  and  network-modifier  cations  can  also  be  assessed 
through  spin-lattice  relaxation  time  measurements.  In  Na20-B203  meltS;,  such 
data  indicate  that  for  low  Na  contents,  Na"^  diffusion  is  closely  coupled  with 
framework  bond-breaking.  For  Na20  contents  greater  than  about  1 5  to  20 
mole  %,  however,  Na"^  diffusion  becomes  decoupled  from  the  network,  sug¬ 
gesting  long  range  percolative  transport. 


1.  INTRODUCTION 

The  longest,  and  possibly  the  most  fruitful,  efforts  at  quantifying  the 
distribution  of  short-range  structural  units  in  glasses  have  involved  the 
application  of  solid  state  nuclear  magnetic  resonance  (NMR)  to  borate  and 
borosilicate  glasses.  A  detailed  picture  has  been  developed  of  the  effects  of 
composition  on  the  concentrations  of  trigonal  BO3  and  tetrahedral  BO4  units, 
as  well  as  of  bridging  and  non-bridging  oxygens  (BO  and  NBO),  aluminate 
and  silicate  species,  first  through  extensive  studies  by  low-resolution  "B  NMR 
(primarily  by  Bray  and  colleagues,  e.g.  [1-3]),  then  through  more  recent 
application  at  high  magnetic  fields  of  magic  angle  spinning  (MAS)  NMR  of 
this  nuclide  as  well  as  ^^Al,  and  ^^Si  (e.g.  [4-8]).  The  reader  is  referred  to 
recent  reviews  for  an  overview  of  this  impressive  structural  landscape  [2,9,10]. 

This  background  also  makes  boron-containing  oxide  glasses  an  excellent  choice 
for  addressing  some  of  the  most  fundamental  of  open  questions  concerning  the 
nature  of  glass  forming  network  liquids  and  of  the  process  of  glass  formation 
itself  A  liquid  is  distinguished  by  a  progressive  structural  disordering  with  in¬ 
creasing  temperature,  which  results  in  thermal  expansivity,  compressibility,  and 
heat  capacity  usually  being  significantly  larger  than  those  of  the  solid-like  glass. 
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An  atomic-scale  description  of  these  changes  is  still  far  from  complete  for  most 
systems,  despite  its  potential  importance  in  predictive  theories  of  thermody¬ 
namics,  viscous  flow,  diffusion,  and  structural  relaxation. 

In  this  report,  we  briefly  review  recent  work  on  mechanisms  of  structural 
change  with  temperature  in  borate-rich  liquids,  and  present  new  data  on  borate 
melts  that  makes  important  new  connections  between  structure  and  dynamics. 

1.1.  Effects  of  Fictive  Temperature  on  Structure 

One  useful  approach  to  determining  the  effects  of  temperature  (T)  on  liquid 
structure  is  to  vary  the  fictive  temperature  (Tf)  of  the  glass  by  cooling  samples 
at  different  rates.  In  many  cases,  differences  may  be  subtle  because  the  range  of 
Tf  that  can  be  sampled  by  this  approach  is  usually  only  about  100-200°C. 
However,  several  early  studies  of  borosilicates  reported  a  decrease  in  the 
concentration  of  BO4  units  (N4)  relative  to  that  of  BO3  units  as  Tf  was  increased 
[11,12].  This  was  consistent  with  statistical  thermodynamical  models  [13,14]. 

A  more  detailed  recent  study  [15]  presented  “B  MAS  NMR  data  on  several 
borate  and  borosilicate  compositions.  In  what  seemed  at  first  surprising,  no 
detectable  effect  of  quench  rate  and  therefore  of  Tf  on  N4  was  seen  in  binary 
borate  glasses  with  10  and  30  mole  %  Na20.  However,  a  strong  effect  was  noted 
in  a  composition  with  20%  Na20,  20%  B2O3,  and  60%  Si02  (Fig.  la)  and  in 
commercial  “e-glass,”  primarily  a  Ca  boroaluminosilicate  (the  latter  reproduc¬ 
ing  earlier  results  from  “wideline”  NMR  [11]).  These  findings  can  be  under¬ 
stood  in  light  of  existing  theoretical  models  of  the  process  by  which  BO3  groups 
are  formed  from  BO4  groups  with  increasing  T,  which  requires  the  production 
of  non-bridging  oxygens: 

BO4  =  BO3  +  NBO  (1) 

The  apparent  enthalpy  change  for  this  reaction  can  be  estimated  at  a  few 
tens  of  kJ/mole  from  data  on  the  Tf  effect  on  N4  and  analysis  of  a  simple 
apparent  equilibrium  constant  K=XnboXbo3^bo4  [11,15].  In  compositions 
where  the  mole  fraction  X  of  NBOs  is  small  at  Tg  (e.g.  where  Na20/B203  < 
0-5),  the  required  increase  in  K  with  Tf  will  lead  to  only  small  changes  in  N4. 
However,  when  Xnbo  is  much  larger  (e.g.  when  the  mole  fraction  of  Na20  is 
roughly  equal  to  that  of  B2O3),  much  larger  Tf  effects  on  N4  should  be  observ¬ 
able  [13,15].  At  much  higher  temperatures,  greater  changes  in  N4with  T  are 
expected  even  in  low-modifier  compositions  as  the  concentration  of  NBOs 
becomes  significant.  In  such  cases,  the  increase  in  disorder  associated  with 
mixing  of  tetrahedral  and  trigonal  borate  units  may  become  a  significant  part 
of  the  total  configurational  heat  capacity  of  the  liquid  [15]. 

1.2.  In  Situ,  High  Temperature  NMR  Studies 

The  relative  ease  of  observing  ^  ^B  NMR  spectra  makes  this  nuclide  an  obvious 
choice  for  technically  challenging  high  temperature  studies.  Several  early 
reports  describe  the  narrowing  of  NMR  peaks  that  occurs  above  the  glass 
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Fig.  la.  (Left)  ”B  MAS  NMR  spectrum  of  (Na20)o 2(6203)02(8102)0 6  glass.  For  spectrum  (a), 
the  quench  rate  was  0-01 7°C/s;  for  (b)  the  rate  was  ~1000°C/s;  for  (c)  sample  a  was  reheated 
and  cooled  at  0*017°C/s.  Frequency  is  referenced  to  aqueous  H3BO3. 

Fig.  lb.  (Right)  High  temperature  "B  MAS  NMR  spectra  for  (Na20)o  1(6203)0 9  glass  and 
liquid  collected  at  temperatures  shown  in  °C.  “ssb”  denotes  spinning  sidebands. 

transition,  and  note  that  this  requires  the  breaking  of  strong  network  bonds  to 
allow  isotropic  motional  averaging  [1 6].  A  more  recent  study  of  ^  ^  B  spin-lattice 
relaxation  times  modeled  data  in  terms  of  the  isotropic  reorientational  diffusion 
of  borate  units  [17].  It  was  later  pointed  out  that  as  temperature  is  increased 
the  motional  correlation  times  calculated  from  fitting  these  data  approach  the 
shear  correlation  times  estimated  from  viscosity  data  [18].  A  close  connection 
between  B-O  bond  breaking  rates  and  flow  of  the  network  species  is  clearly 
implied.  This  earlier  study  did  not  report  data  through  the  glass  transition 
temperature,  where  the  network  dynamics  and  the  NMR  relaxation  are  expected 
to  drastically  change.  This  effect  is  demonstrated  in  new  data  reported  below. 

A  more  direct  view  of  network  dynamics  can  in  some  cases  be  obtained  by 
high-resolution,  ’  'B  MAS  NMR  at  high  magnetic  field,  because  this  technique 
allows  the  isotropically  averaged  peak  positions  for  BO3  and  BO4  groups  to  be 
distinguished  [15].  The  motional  averaging  caused  by  exchange  of  borate  spe¬ 
cies  can  thus  also  be  detected,  in  addition  to  that  due  to  reorientation.  Because 
it  is  the  latter  which  uniquely  requires  the  breaking  and  reforming  of  B-0 
bonds,  this  approach  has  great  potential  for  elucidating  the  mechanism  of  flow 
and  network  species  diffusion.  As  shown  in  Fig.  1  b,  it  is  clear  that  exchange  of 
different  structural  species  can  be  observed  and  begins  just  above  the  glass 
transition  (about  350°C  for  typical  slow  heating  rates).  In  our  previous  report, 
a  semi-quantitative  analysis  of  these  data  suggested  that  the  observed  species 
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exchange  rate  was  close  to  the  inverse  of  the  shear  correlation  time,  at  least  at 
one  temperature.  As  shown  below,  more  detailed  modeling  of  these  spectra 
confirms  this  close  connection. 

2.  EXPERIMENTAL  METHODS 

The  and  ^^Na  spin-lattice  relaxation  time  (T,)  data  described  below  were 
collected  as  described  previously  [19],  on  glass  samples  made  from  sodium 
carbonate  and  boric  acid  by  standard  melt-quench  methods  [15].  Relaxation 
times  were  measured  by  the  saturation-recovery  technique.  Data  were  collected 
at  Larmor  frequencies  of  128-3  MHz  for  and  105-9  MHz  for  ^^Na  (9-4  T 
magnetic  field)  with  a  modified  Varian  VXR  400S  spectrometer  and  a  “home- 
built,”  resistively  heated  probe.  Temperatures  are  accurate  to  about  10°C. 

The  high  T  MAS  NMR  data  were  collected  with  a  Doty  Scientific,  Inc. 
probe  with  a  sample  spinning  rate  of  3-5-4  kHz.  Previously  reported  spectra 
[15]  have  now  been  simulated  by  a  multi-site  exchange  model  in  which  a  large 
number  of  narrow  peaks,  which  map  out  the  appropriate  low-T  quadrupolar 
MAS  peak  shapes,  are  allowed  to  randomly  exchange  at  a  single  frequency  at  a 
given  temperature  .  This  approximation  does  not  account  for  the  effects  of  the 
partial  averaging  of  quadrupolar  satellite  peaks,  but  this  is  expected  to  be  of 
little  consequence  for  the  range  of  exchange  rates  observed  here  (Hz  to  kHz), 
which  are  much  smaller  than  maximum  quadrupolar  splittings  (MHz).  The 
effects  of  magic  angle  spinning  on  the  dynamic  averaging  of  peak  shapes  were 
not  modeled.  The  most  important  consequence  of  this  approximation  is  sim¬ 
ply  that  spinning  sidebands  do  not  appear  in  the  simulations.  The  central  part 
of  the  peak  shapes  is,  however,  largely  unaffected  by  the  sidebands,  allowing 
motional  effects  to  be  estimated. 

3.  RESULTS 

3.1.  Modeling  of  "B  Peak  Shapes 

Typical  simulations  of  the  “B  MAS  high  temperature  peak  shapes  for  a  liquid 
with  10  mole  %  Na20  and  90  %  B2O3  are  shown  in  Fig.  2.  At  each  temperature,  the 
inverse  of  the  modeled  exchange  frequency  represents  an  average  of  the  waiting 
time  between  exchange  events  for  a  given  boron  site.  These  exchange  times  are 
compared  to  shear  correlation  times  (Xshear)  in  Fig-  3.  The  latter  are  calculated  from 
published  viscosities  r|  [20]  using  the  Maxwell  relation  The  infinity 

frequency  shear  modulus  (G^)  is  approximated  as  2-5x10^®  Pa  [21].  The 
agreement  is  remarkably  good  given  all  of  the  approximations  involved,  further 
quantifying  our  earlier  conclusion  that  B-0  bond  breaking  (required  for  BO3- 
BO4  exchange)  occurs  at  the  correct  time  scale  to  be  the  fundamental  control 
on  the  rate  of  viscous  flow. 

3.2.  Spin-Lattice  Relaxation  Times  for  and  ^^Na 

Spin-lattice  relaxation  time  data  are  shown  in  Fig.  4  for  Na20-B203  liquids 
and  glasses  with  5  and  with  22  mole  %  Na20.  In  these  and  in  all  other  observed 
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Fig.  2,  Typical  exchange  model  fits  of  spectra  in  figure  lb.  (Left)  T=493°C,  rate=l(f  Hz; 
(Right)  T=418°C,  rate=250  Hz.  Spinning  sidebands  are  marked  by  *. 


compositions  [22],  the  Ti’s  decrease  slowly  as  temperature  increases  in  the 
glass,  then  decrease  rapidly  beginning  just  above  the  calorimetric  glass  transition 
temperature  Tg.  At  higher  temperature,  the  expected  minimum  in  Tj  is 
approached  as  the  correlation  time  for  the  motion  causing  relaxation  approaches 
the  NMR  resonant  (Larmor)  frequency  A  similar  pattern  is  observed  for  ^^Na 
relaxation  in  the  glasses  with  low  Na20  contents.  However,  in  more  Na-rich 
compositions,  a  qualitatively  different  behavior  is  seen  with  no  change  in  slope 
or  curvature  near  Tg. 

In  general,  spin-lattice  relaxation  is  caused  either  by  fluctuations  at  the 
Larmor  frequency  in  the  local  magnetic  field  “seen”  by  a  nucleus,  or,  for  a 
quadrupolar  nuclide,  by  fluctuations  in  the  gradient  of  the  local  electric  field. 
For  and  ^^Na  in  glasses  and  liquids^  the  latter  is  expected  to  dominate  be¬ 
cause  quadrupolar  moments  are  large.  These  fluctuations  can  be  caused  either 
by  low-frequency  local  oscillations,  oi;  at  higher  temperature,  by  diffusive  jumps 
from  site  to  site.  It  is  thus  clear  that  a  major  change  in  the  dynamics  takes  place 
at  Tg  for  boron  and  for  sodium  in  low-Na  liquids.  In  contrast,  for  Na  in  high- 


Fig.  3.  Shear  relaxation  time  (dots  and  fitted  line)  vs.  1000/T,  compared  to  borate  species 
exchange  frequencies  from  simulations  of  NMR  peak  shapes  as  in  Fig.  2  (solid  squares). 
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Fig.  4a  (Left)  and  4b  (Right)  Ti  data  for  ^^Na  (solid  squares)  and  "B  (open  circles)  in 
sodium  borate  glasses  and  liquids.  Arrows  show  calorimetric  Tg.  (Left)  5  mole%  Na20; 
(Right)  22  mole%  NaiO.  Lines  are  to  guide  the  eye  only.  Typical  uncertainties  are  smaller 

than  the  symbols 

Na  compositions,  correlation  times  for  the  motions  causing  relaxation  decrease 
monotonically  through  Tg. 

4.  DISCUSSION 

Measured  average  rates  of  borate  species  exchange,  and  the  accompanying 
breaking  and  reforming  of  B-O  bonds,  successfully  predict  the  time  scale  of 
macroscopic  viscous  flow  in  binary  sodium  borate  liquids,  at  least  in  the  range 
of  about  10  to  30%  Na20.  For  these  compositions,  this  finding  strongly  suggests 
that  such  exchange  is  a  fundamental  step  of  the  shear  relaxation  process.  The 
freezing  out  of  the  latter  in  turn  defines  the  transition  from  a  liquid  to  a  glass. 
Spin-lattice  relaxation  for  boron  should  thus  also  change  dramatically  at  Tg, 
because  this  process  depends  on  large-amplitude  fluctuations  in  the  local 
bonding  environment,  such  as  coordination  number  and  bond  length.  The 
breaks  in  slope  of  the  temperature  effect  on  T/snear  to  Tgprovide  additional 
information  about  the  mechanism  of  the  network  rearrangement.  Spin-lattice 
relaxation  requires  fluctuations  with  a  frequency  component  (“spectral 
density”)  at  the  Larmor  frequency  (-10^  Hz),  which  is  many  orders  of 
magnitude  faster  than  shear  correlation  frequencies  (on  the  order  of  Hz  or  less 
near  to  Tg).  A  likely  connection  between  the  two  processes  is  that  bond-breaking 
or  species  exchange  has  a  “jump  and  wait”  mechanism,  rather  than  resembling 
a  smooth  oscillation  or  rotation.  That  is,  even  if  the  average  exchange  frequency 
is,  say,  100  Hz,  the  exchange  process  itself  is  rapid  enough  to  have  a  significant 
high  frequency  component. 

In  low-Na  borate  liquids,  spin-lattice  relaxation  for  ^^Na  is  also  strongly 
influenced  by  the  network  breaking  and  re-forming  process:  the  plots  for  these 
data  strongly  resemble  the  ^^B  results  (Fig.  4a).  This  in  turn  implies  that  diffu¬ 
sive  motion  of  Na^  is  greatly  facilitated  by  the  dynamical  opening  up  of  path¬ 
ways  through  the  structure  caused  by  framework  bond  rearrangement  above 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


39 


Tg.  In  other  words,  for  an  average  Na'^  cation  in  such  a  composition,  the  static 
structure  does  not  define  an  unrestricted,  low-energy  preferred  pathway  for 
long-range  alkali  diffusion. 

In  contrast,  in  glasses  with  Na20  contents  greater  than  about  15  mole%, 
^^Na  spin-lattice  relaxation  shows  no  obvious  effect  of  the  glass  transition  (Fig. 
4b).  Na  motion  apparently  is  unhindered  by  the  borate  network,  and  thus  is 
not  strongly  affected  by  the  beginning  of  anionic  species  exchange  at  Tg.  In 
such  compositions,  the  Na  content  must  be  high  enough  so  that  preferred  Na 
diffusive  pathways  have  formed,  along  which  the  cations  can  move  without 
requiring  B-O  bond  breaking.  In  this  case,  the  recently  developed  picture  of  a 
strongly  bonded  network  with  a  continuous  “tissue’'  of  modifier  cation  path¬ 
ways  seems  most  applicable  [23]. 

4.1.  Comparison  with  Other  Oxide  Melts 

We  have  previously  found  that  exchange  rates  for  anionic  species  in  alkali 
silicate  liquids  are  closely  related  to  time  scales  for  viscous  flow,  whether  the 
latter  are  estimated  from  shear  correlation  times  or  from  an  Eyring  model  of 
network  cation  jumping  [24-26].  In  silicates  also,  ^^Si  spin-lattice  relaxation  is 
drastically  affected  by  the  calorimetric  glass  transition  [27,28].  Collecting  ^^Na 
T]  data  for  compositions  that  would  mark  the  percolation  threshold  in  silicates 
is  made  difficult  by  sub-liquidus  phase  separation.  However,  we  have  recently 
found  that  sodium  dynamics  in  germanate  liquids  are  in  important  respects 
similar  to  those  for  borates  [22].  Thus  the  phenomena  reported  here  seem  to 
have  some  generality  for  network  liquids. 

4.2.  Future  Questions 

Here  and  elsewhere  we  have  reported  anionic  species  exchange  rates  that 
must,  of  course,  be  some  kind  of  average  over  possibly  wide  ranges  of  real 
dynamics.  The  latter  are  exemplified  by  the  distributions  of  frequencies  typically 
derived  from  mechanical  and  dielectric  relaxation  measurements.  Our  present 
exchange  rate  data  suggest  only  that  on  the  average,  all  network  sites  are  involved 
with  viscous  transport.  The  role  of  density  or  compositional  heterogeneities 
remains  unclear.  However,  our  results  imply  that  if  flow  is  dominated  by  regions 
that  are  “weak,”i.e.  concentrated  planes  of  modifier  cations  and/or  nonbridging 
oxygens,  then  these  regions  themselves  must  diffuse  rapidly  through  the  entire 
network.  Wide  ranges  in  dynamical  frequencies  may  result  from  temporal 
complexity  (e.g.  non-exponential  relaxation)  or  from  spatial  heterogeneity.  New, 
multi-dimensional  NMR  techniques  have  recently  shown  great  promise  for 
clarifying  such  issues  in  organic  glasses  [29],  and  may  eventually  be  applicable 
to  oxide  melts. 

A  second  key  question  for  the  future  is  whether  percolation  pathways  for 
modifier  cation  diffusion  form  at  the  volume  fraction  of  predicted  by  random 
mixing,  or  whether  actual  chemically-induced  clustering  occurs.  The  latter 
should  be  more  likely  with  higher  field  strength  (smaller,  higher  charge)  modi- 
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fiers.  Further  studies  of  spin-lattice  relaxation  in  a  wide  variety  of  composi¬ 
tions  may  help  to  solve  this  problem. 
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The  NMR  technique  has  been  employed  to  study  the  structure  of  glasses 
in  the  system  Li20~B203-Al203.  The  values  of  N4,  the  fraction  of  borons  in 
tetrahedral  coordination  with  oxygen,  were  measured  and  analyzed  as  a  func¬ 
tion  of  R  and  K  (where,  R=mol%  LhO/moP/o  B2O3,  K=mol%  Al203/mol% 
B2O3).  The  results  indicate  that;  (1)  the  formation  of  four  coordinated  bo¬ 
rons  and  the  formation  of  four  coordinated  aluminums  associated  with  the 
network  modifier  lithium  oxide  are  competing  processes  in  the  region  R<Rist 
(the  point  of  the  first  transformation  in  N4),  (2)  in  the  region  R<Rist,  there 
are  both  three  and  four  coordinated  aluminums  in  these  glasses  but  in  the 
region  R>Rist,  only  A104  units  exist,  (3)  the  Rut  glasses  for  all  K  families 
consist  mainly  of  the  lithium  di-pentaborate  units  and  the  first  modified 
lithium  diborate  units^  (4)  the  Rn,ax  (N4  maximum  point)  glasses  for  all  K 
families  consist  mainly  of  the  lithium  diborate  units  and  the  second  modi¬ 
fied  lithium  diborate  units. 


1.  INTRODUCTION 

It  is  well  known  that  Nuclear  Magnetic  Resonance  (NMR)  is  very  useful  for 
investigating  the  environments  of  boron  atoms  in  several  kinds  of  glasses  [1,2]. 
In  particular,  NMR  technique  has  been  used  to  obtain  the  values  of  N4,  the 
fraction  of  borons  in  tetrahedral  coordination  with  oxygen.  Many  authors 
proposed  the  well-defined  structural  models  for  the  binary  alkali  and 
alkaline-earth  borate  glasses  in  a  variety  of  experiments  [1-8].  However,  struc¬ 
tural  models  for  ternary  borate  glasses  which  contain  other  oxides  were  quali¬ 
tative  because  of  their  structural  complexity  compared  with  the  binary.  Recent 
concerns  have  focused  on  developing  quantitative  models  for  analysis  of  the 
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ternary  glasses  as  a  function  of  composition  [9-11].  Some  clear  structural  models 
have  been  reported  from  studies  of  glasses  in  the  systems  Na20-B203-Si02  [9], 
Pb0-B203-Si02  [10],  K2O-B2O3-P2O5  [11]  and  Li20-B203-Si02  [12]. 

On  the  other  hand,  the  coordination  relationship  of  aluminum  with  oxygen 
in  ternary  glasses  has  not  yet  been  clearly  identified.  It  was  reported  by  Moore 
[13]  and  Owen  [14]  that  all  aluminum  atoms  in  the  glasses  bind  with  four  oxy¬ 
gens.  From  ^^Al  spectra  of  the  crystals  and  glasses  containing  aluminum  oxides, 
it  is  inferred  by  Bray  [1 5]  and  Park  [16]  that  the  aluminate  glasses  do  not  have  all 
four-coordinated  aluminum  atoms  but  can  have  six-coordinated  aluminum. 

In  this  paper,  the  values  of  N4  for  ternary  lithium  boroaluminate  glasses  are 
measured  and  analyzed  as  a  function  of  R  (=mol%  Li20/mol%  B2O3)  and  K 
(=  mol%  Al203/mol%  B2O3).  The  role  of  aluminum  is  discussed  and  structural 
models  are  proposed  to  explain  these  data. 

2.  EXPERIMENTAL 

Thirty-one  glass  samples  were  made  spanning  the  glass-forming  region  with 
various  compositions.  The  compositions  were  chosen  so  that  the  glasses  were 
grouped  into  families,  each  family  having  the  same  K  value  but  different  R  val¬ 
ues,  as  shown  in  Fig.  1  and  Table  1.  Reagent  grade  lithium  carbonate  (Li2C03), 
orthoboric  acid  (H3BO3)  and  aluminum  oxide  (AI2O3)  were  thoroughly  mixed 
together.  The  mixtures  were  placed  in  a  platinum  crucible  and  fused  at  approxi¬ 
mately  1100°C  in  an  electric  muffle  furnace  until  all  bubbles  disappeared.  The 
melts  were  agitated  thoroughly  to  ensure  homogeneity  and  then  poured  on  a 
carbon  mold  and  quickly  covered  with  a  brass  block.  Both  mold  and  block  were 
initially  at  room  temperature.  It  was  necessary  to  use  rapid  quenching  techniques 


Li20 


K 

Fig.  1.  Diagram  of  Li20-B203-Al203  system,  showing  glass  compositions. 
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Table  1. 

Experimentally  obtained  values  of  N4  for  glasses  in  the  system  Li20-B203-Al203. 


K 

LijO  mol% 

B2O3  mol% 

AI2O3  mol% 

N4 

0-1 

8-33 

83-33 

8-33 

0-09 

0-2 

15-38 

76-92 

7-69 

0-18 

0-3 

21-42 

71-42 

7-14 

0-26 

04 

26-66 

66-66 

6-66 

0-32 

0-5 

31-25 

62-50 

6-25 

0-38 

0*6 

35-29 

58-82 

5-88 

0-42 

0-7 

38-88 

55-55 

5-55 

0-45 

0-8 

42-11 

52-63 

5-26 

0-44 

0-9 

45-00 

50-00 

5-00 

0-40 

1-0 

47-61 

47-62 

4-76 

0-38 

0-3 

18-75 

62-50 

18-75 

0-14 

04 

23-53 

58-82v 

17-65 

0-19 

0-5 

27-78 

55-56  \ 

16-66 

0-24 

0-6 

31-58 

52-63 

16-66 

0-24 

0-7 

35-00 

50-00 

15-00 

0-28 

0-8 

38-10 

47-62 

14-29 

0-29 

0-9 

40-91 

45-45 

13-64 

0-30 

10 

43-48 

43-48 

13-04 

0-31 

M 

45-83 

41-67 

12-50 

0-29 

1-2 

48-00 

40-00 

12-00 

0-27 

1-3 

50-00 

38-46 

11-54 

0-24 

0-5 

25-00 

50-00 

25-00 

0-12 

0-6 

28-57 

47-62 

23-81 

0-14 

0*7 

31-82 

45-45 

22-73 

0-17 

0-8 

34-78 

43-48 

21-74 

0-19 

0-9 

37-50 

41-66 

20-83 

0-20 

1-0 

40-00 

40-00 

20-00 

0-20 

14 

42-31 

38-46 

19-23 

0-21 

1-2 

44-44 

37-04 

18-52 

0-22 

1-3 

46-43 

35-71 

17-85 

0-20 

14 

48-28 

34-48 

17-24 

0-17 

in  order  to  make  these  glasses.  Glasses  were  transparent  and  showed  no  sign  of 
devitrification  when  checked  by  X-ray  diffraction  techniques.  All  the  glasses  were 
crushed  into  powder  and  sealed  in  polystyrene  vials  for  the  NMR  study. 

A  Varian  Associates  Wide  Line  NMR  spectrometer  (V-4200B)  was  employed 
in  connection  with  a  Nicolet  Signal  Averager  (Model  1072).  The  NMR  spectra 
were  obtained  at  a  fixed  frequency  of  17  MHz  by  sweeping  the  magnetic  field 
through  the  resonance  condition.  All  measurements  on  the  glass  samples  were 
performed  at  room  temperature. 

3.  RESULTS  AND  DISCUSSION 

The  integral  forms  of  the  ^^B  NMR  absorption  spectra  for  all  the  glasses 
studied  consist  of  two  parts.  Typical  examples  of  experimental  spectra  are  shown 
in  Fig.  2.  A  central  gaussian  peak  arises  from  boron  atoms  in  oxygen  tetrahedra 
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Fig.  2.  Experimental  NMR  spectra  of  the  glasses  of  K=0  1  family  in  the  system 

Li20-B203-Al203. 

BO4  unit)  while  boron  atoms  at  the  center  of  oxygen  triangles  (BO3  units)  yield  a 
broad  peak  due  to  a  larger  interaction  between  the  ^^B  nuclear  quadruple  mo¬ 
ment  and  the  electric  field  gradient  present  at  the  boron  site  [2].  A  direct  meas¬ 
urement  of  the  area  under  the  central  peak  with  respect  to  the  total  area  gives 
the  fraction  of  N4.  To  obtain  the  values  of  the  fraction  N4  from  these  spectra, 
both  the  area  method  [17]  and  the  computer  simulation  [1 8]  have  been  employed. 
The  two  N4  values  for  a  given  sample  agreed  well  within  experimental  error. 

The  measured  values  of  N4  are  listed  in  Table  1  and  plotted  as  a  function  of  R 
for  fixed  K  in  Fig.  3.  The  plots  are  separated  into  three  families,  each  correspond¬ 
ing  to  one  K  value.  In  the  figure,  the  doted  lines  show  the  N4  values  of  binary 
(K=0)  glass  system  of  Li20-B203  [7]  and  the  solid  lines  show  the  values  resulting 
from  least  squares  fits.  The  straight  lines  with  arrows  will  be  discussed  later.  It  can 
be  noticed  that  as  K  (=mol%  Al203/mol%  B2O3)  increases,  N4  values  show  two 
transformation  points.  Up  to  the  first  transformation  point,  they  steadily  increase 
and  then  the  slope  changes  after  that  point.  At  the  second  transformation  point, 
they  reach  the  maximum,  and  then  decrease  gradually.  The  term  ‘transformation’ 
is  used  here  as  the  slopes  change.  As  can  be  seen  in  Fig.  3,  N4  values  decrease  as  K 
increases  (AI2O3  increases).  Thus  we  can  assume  that  AI2O3  accepts  Li20  more 
preferentially  than  B2O3,  and  then  forms  AIO4  {hypothesis  1).  This  follows  the  as¬ 
sumption  that  AIO4  units  are  formed  according  to  the  amount  of  Li20  (mol%) 
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accepted  by  AI2O3,  due  to  the  electrical  neutrality.  And  it  is  also  based  on  the  fact 
that  all  the  amounts  of  B2O3  accepting  Li20  change  from  BO3  unit  to  BO4  unit  in 
binary  glasses  (remember:  N4=R,  R<Rmax  in  binary)  [3].  Based  on  hypothesis,  the 
amount  (mol%)  of  B2O3  change  balanced  by  Li20  is  as  follows: 

mol%  of  B2O3  change  balanced  by  Li20  =  mol%  Li20  -  mol%  AI2O3  (1) 

As  mentioned  above,  all  of  the  B2O3  change  is  balanced  by  Li20  changes  from 
BO3  units  to  BO4  units.  Therefore,  at  least  in  the  region  R<Rjnax,  N4  can  be 
calculated  from  the  relation: 

(x)mol%  Li02  -  (z)mol%  AI2O3 
(y)mol%  B2O3 

With  the  definition  of  K  and  R,  the  above  formula  can  be  rewritten  as  follows: 


N4  =  R  -  K  (2b) 

Thus,  N4  values  for  K=0T,  0-3  and  0-5  should  be  as  follows,  respectively: 

N4  =  R-0T  (forK=0-l)  (3a) 

N4  =  R-0-3(forK=0-3)  (3b) 

N4  =  R  -  0*5  ( for  K=0-5)  (3c) 


These  equations  are  plotted  on  Fig.  3.  From  the  figure,  the  experimentally 
obtained  data  clearly  do  not  follow  Eqs.  (3a-c).  Therefore,  the  hypothesis  1  , 
above  that  AI2O3  accepts  Li20  in  exclusive  preference  to  B2O3  forming  AIO4  ] 

0.6 


0.4 

Hi 

0.2 


0.0 

Fig.  3.  N4  values  of  the  glasses  in  the  system  Li20-B203-Al203  as  a  function  of  R, 
containing  postulation  equations. 
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Fig.  4.  Structural  units  related  to  the  glasses  in  the  system  Li20-B203-Al203. 


units  is  false.  As  shown  in  Fig.  3,  the  lines  of  the  constraint  equation  (3a-c) 
pass  the  first  transformation  points  with  some  deviations.  According  to 
hypothesis  1,  the  first  transformation  points  indicate  that  AI2O3  (mol.%)  receives 
the  same  amount  of  Li02  (mol%)  as  its  own  mole  fraction.  This  will  be  discussed 
below  (when  hypothesis  3  is  discussed). 

If  A1  (strictly  speaking  AI2O3)  does  not  interact  with  the  boron  structure  of 
ternary  glasses,  N4  values  of  ternary  glasses  ought  to  be  the  same  as  those  of 
binary  glasses  without  being  influenced  by  K  value  (the  amount  of  AI2O3) 
{hypothesis  2).  As  seen  in  Fig.  3,  however,  this  is  clearly  not  true.  Therefore,  it 
can  be  said  that  B  (strictly  speaking  B2O3)  and  A1  (strictly  speaking  AI2O3) 
compete  with  each  other  in  attracting  Li20. 

As  discussed  above,  hypothesis  1  was  clearly  false.  Thus,  up  to  the  first  trans¬ 
formation  point,  AI2O3  receives  Li20  less  than  its  own  mole  fraction.  At  the 
same  time  B2O3  also  receives  Li20  much  less  than  its  own  mole  fraction.  These 
facts  mean  that  AI2O3  (AIO3  units)  and  B2O3  (BO3  units)  should  form  AIO4 
(strictly  twice  mol%  of  Li20)  and  BO4  (twice  mol%  of  Li20),  respectively,  so 
much  as  they  receive  Li20  (mol%)  to  maintain  electrical  neutrality.  Therefore, 
we  consider  that,  below  the  first  transformation  point,  AIO3  and  AIO4  may 
coexist  as  BO3  and  BO4. 

It  is  known  that  in  binary  alkali-borate  glasses,  the  structure  of  the  glasses 
with  maximum  N4  values,  Rinax=0'5,  consists  primarily  of  diborate  units  [3,5,6]. 
This  means  that  the  diborate  units  are  the  structure  which  can  hold  the  maxi¬ 
mum  BO4  units  (incremental  factor  of  N4).  As  shown  in  Fig.  3,  the  N4  values 
of  ternary  glasses  with  aluminum  oxide  are  always  less  than  those  of  binary 
lithium  borate  glasses.  It  can  thus  be  inferred  that  added  aluminum  oxide  af- 
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fects  the  structure  of  diborate  units. 

In  addition,  it  is  known  that  binary  glasses  with  R=0*4  consist  primarily  of 
dipentaborate  units  (Fig.  4)  [3,5,6].  As  shown  in  Fig.  3,  the  first  transforma¬ 
tion  point  of  ternary  glasses  with  the  least  aluminum  (K=0- 1)  is  near  to  R=0‘4. 
Therefore,  we  assume  that  the  glasses  at  the  first  transformation  points  consist 
mainly  of  the  dipentaborate  units  and  the  first  modified  diborate  units  {hy¬ 
pothesis  5).  The  dipentaborate  units  are  formed  by  l/2(2Li20®B203),  which  has 
three  BO3  units  and  two  BO4  units.  The  first  modified  diborate  units  (cf  Fig.  4) 
are  formed  by  Li20«B203*Al203  to  have  two  BO3  units  and  two  AIO4  units. 
The  prefix  ‘first  modified’  means  that  original  diborate  structure  has  changed 
and  then  follows  second  modification.  The  reaction  equation  for  the  above 
hypothesis  can  be  written  as  follows: 

xLi20+yB203+zAl203  ^  m([BioOn]^+4Lr)+n([B2Al207]'-+2Li^)  (4) 

Considering  the  coefficients  of  Li,  B,  A1  of  the  equation,  one  gets; 

Li,  2x  =  4m  +  2n  (5a) 

B,  2y  =  10m  +  2n  (5b) 

Al,  2z  =  2n  (5c) 

From  the  above  equations  and  the  definitions  of  R  and  K,  one  gets; 

2  3 

Ris.=J+5K  (6) 

where  the  subscript  Tst’  in  Rj^t  means  the  first  transformation  point.  According 
to  Eq.  6),  when  K  is  OT,  0-3  and  0*5,  Rj^t  values  should  be  0-46,  0-58  and  0-70, 
respectively.  As  shown  in  Fig.  3,  the  experimental  Ri^t  values  corresponding  to 
K=0T,  0-3  and  0-5  are  0-45,  0-57  and  0*70,  respectively.  Both  values  are  in 
good  agreement  within  experimental  error. 

Considering  Eq.  (4),  N4  can  be  written  as; 

_  in  •  number  of  BO4  in  firtst  term  +  n  •  number  of  BO4  in  second  term 

4  1st  — - — ""i i - - - - -  (  /  ) 

m •number  of  B  in  first  term +  n* number  of  B  in  second  term  ^  ^ 

where  N4  ist  means  N4  values  corresponding  to  Ri^f  From  Eqs  (5a-c),  m  and  n  are 

m=^(y-z)  (8a) 


Considering  the  Eq.  (4),  (8)  and  the  definition  of  R  and  K,  N4 ,3,  in  Eq  (7)  is; 


N4,,3,=-(1-K)  (9) 

From  Eq.  (9),  when  K  is  0-1,  0-3  and  0-5,  the  N4,3,  values  are  0-36,  0-28  and 
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0-20,  respectively.  As  shown  in  Fig.3,  N4  ist  values  corresponding  to  K=0-1,  0*3 
and  0-5  are  0*36, 0-27  and  0-18,  respectively.  Both  values  are  in  good  agreement 
within  experimental  error. 

These  results  support  our  choice  of  structure  for  the  first  modified  diborate 
unit  and  suggest  that  the  glasses  at  the  first  transformation  point  consist  mainly 
of  these  units  and  the  dipentaborate  units.  From  the  structures  of  the  glasses 
at  the  first  transformation  point,  we  can  recognize  that  all  AI2O3  forms  only 
AIO4  units  at  that  point  and  AIO4  units  are  formed  by  the  amount  of  Li20 
accepted  by  AI2O3  to  maintain  the  electrical  neutrality,  as  mentioned  above. 

It  is  well  known  that  if  R  becomes  more  than  0-5,  the  metaborate  units  (BO3 
unit)  increases  [6].  As  can  be  seen  in  Fig.  3,  the  second  transformation  point 
(R=0*65)  with  maximum  N4  values  in  ternary  glasses  with  the  least  aluminum 
added  to  binary  Li20~B203  glasses  is  close  to  R=0-5.  In  addition,  aluminum 
oxide  added  to  the  ternary  glass  system  affects  the  diborate  unit  structure,  as 
mentioned  above.  From  these  explanations,  we  can  guess  that  the  glasses  at  the 
second  transformation  point  with  maximum  N4  values  consist  mainly  of  dibo¬ 
rate  units  and  secondly  modified  diborate  units  {hypothesis  4).  The  diborate 
units  (cf  Fig.  4)  are  formed  with  Li20*2B203  and  have  two  three-coordinated 
borons  (BO3)  and  two  four-coordinated  borons  (BO4).  The  second  modified 
diborate  units  (cf  Fig.  4)  are  formed  with  2Li20«B203»Al203,  which  have  two 
BO3  units  and  two  AIO4  units.  The  above  hypothesis  can  be  written  with  the 
reaction  equation  as  follows: 

xLi20+yB203+zAl203  ^  m([B407]2-+2Lr)+n({B2Al203]'-+4LT  (10) 

Considering  the  coefficients  of  Li,  B,  Al,  one  gets: 


Li: 

2x  =  2m  +  4n 

(lla) 

B: 

2y  =  4m+2n 

(lib) 

Al: 

2z  =  2n 

(11c) 

From  the  above  equations  and  the  definition  of  K  and  R,  one  gets; 

Rmax=|  +  |K  (12) 

where  the  subscript  ‘max’  in  R^^ax  means  that  it  corresponds  to  the  maximum 
N4  values.  According  to  Eq.  (12),  R^^^  values  for  K=0T,  0-3  and  0-5  are  to  be 
0-65,  0-95  and  1*25,  respectively.  As  seen  in  Fig.  3,  the  experimentally  obtained 
Rmax  values  for  K=0T,  0*3  and  0-5  are  0*65,  0-98  and  1-24,  respectively.  It  can 
be  said  that  these  values  are  in  good  agreement  with  each  other  within 
experimental  error. 

To  obtain  values  from  the  reaction  equation  (10),  the  same  method  is 
used  as  for  N4  ist  values.  N4max  values  found  by  the  same  method  for  K=0T,  0-3 
and  0'5  are  045, 0-35  and  0*25,  respectively.  As  can  be  seen  in  Fig.  3,  the  experi¬ 
mentally  obtained  N4inax  values  for  K=0*1,  0*3  and  0*5  are  0*45,  0*32  and  0*24, 
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respectively.  These  values  are  in  good  agreement  within  experimental  error. 

The  results  support  our  assumption  that  the  second  modified  diborate  unit 
exists.  Furthermore,  AI2O3  has  maintained  the  AIO4  structure  in  spite  of  re¬ 
ceiving  twice  its  own  amount  of  Li20.  It  can  be  inferred  that  the  A1  atoms 
remain  in  AIO4  units  in  the  region  beyond  Rmax- 

In  conclusion,  we  can  say  that  Rj^ax  glasses  consist  mainly  of  diborate  units  and 
second  modified  diborate  units,  and  that,  although  AIO3  units  coexist  with  AIO4 
units  in  the  region  below  Rj^t,  there  are  only  AIO4  units  in  the  region  above  Rj^t. 
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An  account  is  given  of  some  of  the  paradoxes  of  borate  glasses  and  melts  and 
their  possible  explanations.  These  concern  the  inhomogeneous  structure  of  bo¬ 
rate  glasses  on  the  nanometre  scale  and  include  the  nature  of  the  regions  of 
inhomogeneity  in  glasses  such  as  B203-Si02.  The  latter  are  iermQdpseudophases, 
since  they  are  not  regions  of  metastable  immiscibility,  which  are  absent  in  all  of 
the  alkali  borate  glass  systems  except  Li20-B203.  Breaks  in  the  temperature 
dependence  of  the  X-ray  scattering  from  thermal  density  fluctuations  in  borate 
melts,  at  the  liquidus  temperature  or  above,  are  explained  in  terms  of  rearrange¬ 
ments  of  the  superstructural  units  present  as  a  function  of  temperature. 


1.  INTRODUCTION 

There  are  various  paradoxes  associated  with  borate  glasses,  some  of  which 
arise  because  borate  glasses  do  not  conform  to  the  conventional  interpretation 
of  the  Zachariasen  [1]  and  Warren  [2,3]  random  network  theory  while  others  are 
common  to  a  much  wider  range  of  glass-forming  systems.  Some  of  these  para¬ 
doxes  are  the  subject  of  the  present  paper,  which  will  primarily  address  the  use 
of  small  angle  X-ray  scattering  (SAXS)  techniques  to  study  what  has  been  termed 
the  range  IV  order  [4]  (i.e.  density  fluctuations  on  the  scale  1  nm=  10  A  or  larger). 

Clearly,  the  range  IV  order  is  a  consequence  of  the  basic  structural  units 
that  form  the  vitreous  network  and  it  is  in  this  range  I  order  that  borate  glasses 
first  deviate  from  the  conventional  random  network  picture.  First,  the  addi¬ 
tion  of  a  conventional  network  modifier  to  vitreous  B2O3  leads  initially  to  the 
conversion  of  BO3  triangles  into  BO4  tetrahedra,  rather  than  the  formation  of 
non-bridging  oxygen  atoms;  i.e.  network  modifiers  act  as  network  strengthen- 
ers  rather  than  network  breakers  and  lead  to  more  compact  regions  in  the  net¬ 
work  with  increased  rigidity/connectivity. 
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The  second  major  way  in  which  borate  glasses  differ  concerns  the  important 
structural  role  played  by  superstvuctural  units,  which  comprise  well-defined  and 
effectively  rigid  arrangements  of  the  basic  BO3  and  BO4  structural  units  with 
no  internal  degrees  of  freedom  in  the  form  of  variable  bond  or  torsion  angles, 
as  shown  in  Fig.  1  of  the  accompanying  paper  by  Sinclair  et  al  [5].  The  idea 
that  well-defined  groupings,  larger  than  the  basic  structural  units,  exist  in  glasses 
was  first  postulated  by  Hagg  [6],  following  the  publication  of  Zachariasen’s 
original  paper  in  1932  [1].  Although  dismissed  by  Zachariasen  [7],  Hagg’s  ideas 
were  later  adopted  and  extended  by  Krogh-Moe  [8],  who  was  particularly  in¬ 
terested  in  borate  glasses  and  stressed  the  identity  between  the  larger  group¬ 
ings  (superstructural  units)  in  these  glasses  and  those  in  the  corresponding 
crystalline  materials.  Support  for  this  hypothesis  is  provided  by  the  extensive 
nuclear  magnetic  resonance  (NMR)  studies  of  Bray  and  co-workers  [9,10], 
who  propose  a  structural  model  comprising  a  modified  Warren-Zachariasen 
network  in  which  the  superstructural  units,  rather  than  the  basic  BO3  and  BO4 
structural  units,  are  connected  randomly  to  each  other  [11]. 

The  fact  that  borate  glasses  are  formed  from  these  larger  units  may  be  ex¬ 
pected  to  have  important  consequences  for  the  density  and  composition  fluctua¬ 
tions  occurring  in  the  resulting  vitreous  network,  i.e.  the  range  IV  order.  In  any 
random  network  constructed  from  essentially  rigid  units  with  a  well-defined 
connectivity  and  stereochemistry,  the  characteristic  dimension  and  magnitude 
of  the  local  fluctuations  in  the  network  density,  and  in  the  composition  for  glasses 
with  more  than  one  component,  will  depend  on  the  size  and  stereochemistry  of 
the  units  in  question.  Such  density  fluctuations  may  be  seen,  for  example,  in  the 
well-known  random  network  schematic  of  Zachariasen  [1].  It  might  therefore  be 
expected  that  the  presence  of  the  much  larger  superstructural  units  in  borate 
glasses  will  result  in  an  increase  in  the  characteristic  length  of  the  contribution 
to  the  fluctuations  arising  from  the  borate  network  component. 

In  the  following  sections,  the  nature  of  the  range  IV  order  in  borate  glasses 
will  be  discussed  and,  in  particular,  the  mystery  of  the  so-called  pseudophases 
in  some  two -component  borate  glass  systems  (e.g.  B2 03-8102).  To  date,  this 
mystery  has  not  been  solved,  although  SAXS  measurements  prove  that  they 
are  not  regions  of  metastable  immiscibility  A  second  paradox,  which  will  be 
considered,  concerns  the  breaks  in  the  temperature  dependence  of  the  general 
magnitude  of  both  the  conventional  SAXS  intensity  and  the  X-ray  scattering 
immediately  below  the  first  diffraction  peak  (here  designated  intermediate  angle 
X-ray  scattering,  lAXS,  rather  than  medium  angle  X-ray  scattering,  MAXS, 
as  initially  used  by  Porai-Ko shits)  for  alkali  borate  melts,  at  and  sometimes 
above  the  liquidus  temperature,  Tl. 

2.  FIRST  PARADOX  (ALKALI  BORATE  GLASSES) 

The  method  of  additivity  was  applied  to  various  binary  glass  systems  by 
Porai-Koshits  in  1943  [12]  and  examples  of  its  use  for  borate  glasses  are  given 
in  Figs  1  and  2.  From  Fig.  1,  it  can  be  seen  that  the  X-ray  diffraction  intensity 
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Fig.  1.  Application,  by  Porai-Koshits  [12],  of  the  method  of  additivity  to  the  diffraction 
pattern  for  vitreous  B203-Si02  obtained  by  Warren  et  al[\Z]. 

for  vitreous  6203-8102  at  large  angles  (in  absolute  electron  units,  e.u.)  is  a  sim¬ 
ple  sum  of  the  curves  for  pure  boron  oxide  and  silica  in  proportion  to  their 
molecular  content.  A  similar  result  was  obtained  for  sodium  borate  glasses, 
which  were  modelled  by  a  combination  of  the  patterns  for  B2O3  and  NaB02. 
The  small  differences  in  the  region  of  the  first  diffraction  peak  were  attributed 
to  inaccuracies  in  the  photographic  measurement  of  the  diffracted  X-ray 
intensities.  However,  the  first  diffraction  peak  reflects  the  periodicity  resulting 
from  the  network  cages  [15]  and  hence  is  associated  with  larger  distances  than 
those  within  the  units/groupings  from  which  the  network  in  built  and  which 
dominate  the  diffraction  pattern  at  higher  scattering  vector  magnitudes,  Q. 
Thus  it  might  be  expected  that  discrepancies  would  occur  on  this  length  scale. 

The  above  results  demonstrate  the  independence  of  the  scattering  from  the 
constituents  of  complex  glasses  with  respect  to  their  composition,  for  length 
scales  shorter  than  those  characteristic  of  the  first  diffraction  peak.  For  exam¬ 
ple,  it  means  that,  in  two-component  glasses,  the  vitreous  silica  and  boron 
oxide  form  some  homogeneous  regions,  but  not  a  random  disordered  network. 
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Fig.  3.  SAXS  intensity  for  initial  glasses  (solid  lines)  and  the  porous  glasses  obtained  from 
them  by  leaching  (dashed  lines)  [16,17].  Heat  treatments:  (1),  530°C,  5  h;  (2),  600°C,  1  h;  (3), 
600°C,  4  h;  (4),  600^C,  8  h;  (5),  650°C,  1  h  and  (6),  650°C,  6  h. 

Fifteen  years  later,  in  1958,  Andreev  [16,17]  first  applied  the  SAXS  technique  to 
the  investigation  of  phase  separated  glasses,  as  shown  in  Fig.  3.  Later,  this  tech¬ 
nique  was  employed  to  study  many  different  types  of  glasses.  It  was  as  a  result  of 
these  SAXS  experiments  that  the  first  paradox  of  alkali  borate  glasses  appeared, 
as  discussed  at  the  conference  in  honour  of  N.J.  Kreidl  in  Vienna  in  1985  [18]. 

A  decade  earlier,  Shaw  &  Uhlmann  [19],  using  electron  microscopy,  found  a 
metastable  region  of  immiscibility  in  all  five  alkali  borate  glass  systems  (Li, 
Na,  K,  Rb  and  Cs)  and  constructed  the  corresponding  immiscibility  domes 
shown  in  Fig.  4.  The  same  year  a  similar  result  was  obtained  for  the  B203-Si02 


Fig.  4.  Immiscibility  dome  for  alkali  borate  glasses  according  to  electron  microscopy  data 
[19]  and  to  SAXS  data  for  Li20-B203  glasses  [18]  (lower  left  curve). 
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Fig.  5.  Immiscibility  dome  for  B203-Si02  glasses  according  to  electron  microscopy  data  [20]. 


system  by  Charles  &  Wagstaff  [20].  As  may  be  seen  from  Fig.  5,  this  dome  was 
constructed  using  only  three  points! 

Later,  at  the  International  Congresses  on  Glass  in  Kyoto  (1974)  and  Prague 
(1977),  Golubkov  et  al  [21,22]  presented  SAXS  and  lAXS  results  which  make 
it  quite  clear  that  phase  separation  is  absent  in  all  of  the  above  systemsy  except 
Li20-B20s.  This  follows  from  the  clearly  established  independence  of  the  struc¬ 
ture  on  isothermal  annealing  of  any  duration  at  any  temperature  below  Tl-  In 
the  lithium  borate  system,  a  metastable  immiscibility  region  was  discovered, 
but  the  dome  is  located  at  quite  a  different  place  than  that  determined  by  Shaw 
&  Uhlmann  [19]  (cf  Fig.  4). 

In  1984,  Dopkens  and  co-workers  [23,24]  tried  to  reconcile  these  contradic¬ 
tions  in  terms  of  the  modulated  structure  peak  (Fig.  6)  which  they  had  found 
by  the  SAXS  method.  However,  Porai-Koshits  et  al  [18]  failed  to  reproduce 
the  results  of  Dopkens  et  al ,  as  demonstrated  in  Fig.  6,  which  shows  (b)  the 
modulated  structure  peak  obtained  by  Dopkins  et  al  for  a  potassium  borate 
glass  at  600°C  (Mo  K„  radiation)  and  (c)  the  SAXS  curve  obtained  by  Porai- 
Koshits  et  al  for  a  potassium  borate  glass  heated  at  500°C  for  60  h  (Cu  K„ 
radiation).  For  the  latter,  the  vertical  dashed  lines  delineate  the  composition 
region  where  the  modulated  structure  peak  should  have  been  detected.  It  is 
possible  that  the  modulated  structure  peak  in  Fig.  6(b)  arises  from  small  crys- 
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Fig.  6.  Comparison  of  the  results  obtained  by  Dopkens  et  al  [23,24]  and  Porai-Koshits  et  al  [18]. 
(a),  Stable  region  of  modulated  structure;  (b),  modulated  structure  peak  for  9-8K2O.90-2B2O3 
glass  at  600°C  (Mo  Ka  radiation)  and  (c),  SAXS  curve  obtained  by  Porai-Koshits  et  al  for 
8-5K20.91  *56203  glass  after  heating  at  500°C  for  60  h  (Cu  Ka  radiation). The  vertical  dashed 
lines  in  (c)  delineate  the  composition  region  where  the  modulated  structure  peak  should  have 

been  detected. 


talline  particles,  but  this  needs  to  be  further  investigated. 

While  the  results  of  Charles  &  Wagstaff  [20]  can  be  rejected  as  artifacts 
[25,26],  this  is  not  unambiguously  the  case  for  those  of  Shaw  &  Uhlmann  [19], 
as  indicated  by  more  recent  results  [27-29]  suggesting  the  presence  of  regions 
of  inhonmogeneity  in  borate  glasses,  which  have  been  termed  pseudophases.  A 
pseudophase  may  be  defined  as  a  stable  microscopic  region  which  has  no  phase 
boundaries  and  is  characterised  in  terms  of  its  electron  density  and  size,  as 
obtained  from  SAXS  measurements.  This  pseudophase  structure  turns  out  to 
be  a  common  feature  of  all  of  the  two-component  glasses  studied  by  Porai- 
Koshits  and  co-workers,  including  both  those  containing  alkali  ions  and  those 
formed  from  two  glass-forming  oxides.  Attention  is  drawn  to  the  similar  sizes 
of  the  regions  of  inhomogeneity  in  these  glasses:  in  alkali  borate  glasses,  the 
radii  of  these  regions  are  10-15  A,  in  alkali  silicate  glasses  20-30  A  and  in 
B203-Si02  and  B203-Ge02  glasses  10-20  A;  i.e.  of  the  order  of  a  nanometre.  It 
is  also  very  interesting  to  note  that,  above  the  glass  transition  temperature,  Tg, 
the  size  and  geometry  of  the  pseudophase  structure  in  borate  glasses  remains 
unchanged  with  increasing  temperature  up  to  100-200  degrees  in  excess  of  Tg; 
i.e.  these  are  preserved  in  the  (supercooled)  melt.  In  a  new  book  entitled  Two- 
Phase  Glasses:  Structure,  Properties,  Applications,  Mazurine^  <2/.  [30]  write  that 
phase  separation  is  not  usually  observed  in  borate  glasses  and  melts  at  tem¬ 
peratures  higher  than  that  of  the  glass  transition  region,  except  for  a  narrow 
region  in  the  lithium  borate  system.  Contrary  to  the  opinion  of  the  authors  of 
this  book,  the  term  pseudophases  is  preferred  for  the  regions  of  inhomogeneity 
in  borate  glasses,  rather  than  the  verbose  expression  regions  of  inhomogeneity 
not  of  the  phase-separated  type. 

The  above  results  are  consistent  with  the  existence  of  superstructural  units 
in  borate  glasses  and  also  suggest  the  possibility  of  studying  them  by  small 
and  intermediate  angle  scattering  using  both  X-rays  and  neutrons.  They  do 
not,  however,  reveal  the  nature  of  the  superstructural  units  nor  do  they  explain 
the  structural  rearrangements  comprising  the  submicroscopic  pseudophases. 
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To  understand  this,  further  investigations  are  needed.  Nevertheless,  the  exist¬ 
ence  of  submicroheterogeneous  pseudophases  (and  fluctuation  structures)  in 
borate  glasses  and  melts  seems  to  have  been  established,  although  this  was  not 
accepted  by  Uhlmann  at  the  time  of  the  N.  J.  Kreidl  anniversary  conference  in 
Vienna  [18].  Hence  the  question  of  the  existence  of  pseudophases  is  repeated 
in  the  context  of  the  present  conference,  specifically  devoted  to  borate  glasses. 

3.  SECOND  PARADOX  (ALKALI  BORATE  GLASSES  AND  MELTS) 

In  his  well-known  paper,  Zachariasen  [1]  asserted  that  to  find  the  structure 
of  glass  it  is  necessary  to  proceed  from  the  structure  of  the  corresponding 
crystalline  modification  and  not  from  the  liquid  structure,  which  is  even  less 
understood.  However,  inorganic  oxide  glasses  are  the  result  of  quenching  the 
(supercooled)  melt  to  a  temperature  below  Tg.  Hence,  they  inherit  the  struc¬ 
tural  characteristics  of  the  latter,  although  in  a  modified  form  as  a  result  of 
passing  through  the  glass  transition.  Indeed,  Zachariasen  admitted  the  possi¬ 
bility  of  the  existence  of  some  structural  order  on  a  nanometre  scale,  but  he 
supposed  this  to  be  experimentally  hard  to  discover. 

Warren  [31]  focussed  Zachariasen’s  ideas  further  and  wrote  “the  absence  of 
SAXS  by  glasses  proves  their  homogeneity  on  a  scale  larger  than  the  intera¬ 
tomic  distances.”  However,  as  indicated  above,  the  SAXS  technique  demon¬ 
strated  the  existence  of  inhomogeneity  in  glasses,  in  the  form  of  frozen-in 
density  and  composition  fluctuations  of  different  dimensions  which,  in  the 
liquid  above  Tg,  may  be  either  static  or  dynamic  in  character.  In  practice,  the 


Scattering  angle  (log  scale) 

Fig.  7.  Schematic  representation  of  the  combined  SAXS,  lAXS  and  conventional  (LAXS)  X-ray 
diffraction  intensities  for  a  glass  and  the  different  types  of  inhomogeneity  responsible  for  this 
scattering  [32].  (1),  “technological  inhomogeneity  (approximate  scattering  region  size  500-1000  A); 

(2),  metastable  phase  separation  (20-1000  A);  (3),  clusters,  atomic  groupings, 
submicroinhomogeneous  structure  of  single  phase  glasses,  etc.  (5-20  A)  and  (4),  short  range  order 
(1-7  A).  Ip  and  f  are  the  contributions  from  the  thermal  density  and  concentration  fluctuations 
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Fig.  8.  The  temperature  dependence  of  Ip  (in  absolute  units)  for  vitreous  B2O3  and  some 

alkali  borate  glasses. 

scattered  X-ray  intensity  from  a  glass  is  a  continuous  function  of  angle,  and 
hence  Q,  from  the  small  angle  region  through  the  conventional  diffraction  range 
and  hence  it  is  difficult  to  isolate  the  contribution  from  each  length  scale. 

Figure  7  presents  a  schematic  representation  of  the  combined  SAXS,  lAXS 
and  conventional  X-ray  diffraction  intensities  for  a  glass  and  the  different  types/ 
ranges  of  order  responsible  for  this  scattering  [32].  These  comprise  (1)  “tech¬ 
nological”  inhomogeneity  (approximate  scattering  region  size  500-1000  A),  (2) 
metastable  phase  separation  (20-1000  A),  (3)  clusters,  atomic  groupings, 
submicroinhomogeneous  structure  of  single  phase  glasses,  etc.  (5-20  A)  and 
(4)  short  range  order  (1-7  A).  Ip  and  1^  are  the  contributions  from  the  thermal 
density  and  concentration  fluctuations  An  analogous  real-space  analysis  [4]  is  based 
on  four  ranges  (cf.  Section  1)  but,  at  the  present  time^  the  interpretation  of  particu¬ 
larly  ranges  II  {the  interconnection  of  adjacent  (super)structural  units}  and  III  (the 
network  topology)  is  only  possible  with  the  help  of  computer  modelling. 

In  the  light  of  the  above,  it  is  necessary  to  discuss  the  results  of  investiga¬ 
tions  of  the  temperature  dependence  of  the  magnitude  of  the  SAXS  and  lAXS 
arising  from  thermal  fluctuations  (Ip+J  in  both  glasses  and  melts  for  the  vari¬ 
ous  alkali  borate  systems  (Li,  Na,  K,  Rb  and  Cs).  From  thermodynamics,  it 
can  be  shown  that,  if  the  isothermal  compressibility,  Pt,  is  effectively  inde- 
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Fig.  9.  A  comparison  of  the  liquidus  temperature,  Tl,  and  the  temperature,  Tx,  of  the  break 
in  the  temperature  dependence  of  Ip. 

pendent  of  temperature,  T,  Ip  is  directly  proportional  to  T: 

Ip  =  <p>%PtVT  (1) 

where  <p>  is  the  mean  electron  density,  kg  Boltzman’s  constant  and  V  the 
scattering  volume.  An  important  result  is  the  violation  of  this  direct 
proportionality  at  the  liquidus  temperature  in  the  case  of  both  alkali  borate 
and  alkali  silicate  glasses  with  low  alkali  contents. 

An  example  is  given  in  Fig.  8,  but  similar  results  have  been  obtained  many 
times  and  for  many  different  melt  compositions.  The  coincidence  of  the  tem¬ 
perature,  Tx,  at  which  the  break  occurs,  with  Tl  for  all  of  the  melts  with  more 
than  6-9  mol%  alkali  oxide  is  very  interesting.  These  melts  are  very  sensitive  to 
the  crossing  of  the  liquidus  temperature.  Figure  9  includes  both  Tl  and  T^  and 
it  can  be  seen  that  an  exception  from  the  above  rule  are  the  melts  with  less  than 
4-5  mol%  alkali  oxide.  In  this  case,  T^  is  larger  than  Tl  and  coincides  with  Tl 
for  the  melts  containing  12-14  mol%  alkali  oxide. 

It  has  been  suggested  [33]  that  these  regions  of  inhomogeneity  are  built  up  from 
superstructural  units,  which  are  temperature  sensitive  and  change  on  passing 
through  the  liquidus  temperature  This  is  supported  by  the  NMR  studies  of  Bray 
and  co-workers  [9,10],  as  shown  in  Fig.  10  [34]  and  the  thermodynamic  modelling 
studies  of  Shakhmatkin  and  co-workers  [35].  Recently,  Golubkov  [36]  has  found  a 
similar  break  in  his  data  for  pure  B2O3.  This  is  consistent  with  the  fact  that  the 
boroxol  groups  in  vitreous  B2O3  start  to  break  up  in  the  (supercooled)  melt  above 
Tg,  as  demonstrated  by  the  Raman  data  of  Walrafen  et  al  [37]. 
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Fig.  10.  A  simple  structural  model  for  alkali  borate  glasses  based  on  the  work  of 
Krogh-Moe  &  Bray  [34]. 


4.  CONCLUDING  REMARKS 

The  paradoxes  discussed  above  are  of  course  not  the  only  unresolved  mys¬ 
teries  connected  with  borate  glasses  and  there  are  further  extraordinary  para¬ 
doxes  or  secrets  of  alkali  borate  glasses  waiting  to  be  resolved.  Among  these  is 
the  explanation  of  the  transient  effects  in  the  SAXS  intensity,  from  not  only 
vitreous  B2O3  but  also  a  sodium  borate  glass  with  10  mol%  Na20,  on  stepping 
the  temperature  through  Tg,  as  discussed  by  Golubkov  elsewhere  in  these  pro¬ 
ceedings  [38],  and  similar  light  scattering  studies  of  Bokov  &  Andreev  [39]. 
The  present  paper  has,  however,  summarised  some  of  the  long  established 
pecularities  (paradoxes)  of  borate  glasses.  The  progress  of  science  in  general 
lies  in  explaining  paradoxes  and  of  course  in  finding  new  ones.  Such  are  the 
ways  of  fundamental  science! 
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Reconsideration  is  given  to  the  allegedly  anomalous  thermal  expansion  of 
alkali  borate  glasses,  and  to  explanations  for  this  behavior  which  have  been 
advanced.  Several  issues  (e.g.  differences  in  the  thermal  expansion  data 
found  by  different  investigators,  theoretical  expressions  for  the  thermal 
expansion,  borate  glass  structural  information)  are  addressed,  which  have 
a  direct  bearing  upon  this  phenomenon.  Explanations  for  the  borate  glass 
anomaly  offered  by  previous  investigators  have  been  in  terms  of  the  changes 
in  structural  features  of  binary  borate  glasses  as  the  alkali  concentration 
is  increased.  It  may  be  observed,  however,  that  much  ambiguity  and  con¬ 
tradictory  evidence  exists  regarding  these  structural  changes.  It  is  con¬ 
cluded  that  the  thermal  expansion  behavior  of  alkali  borate  glasses  will 
not  be  fully  understood  until  a  quantitative  relationship  between  thermal 
expansion  and  structural  features  is  derived. 


1.  PERSONAL  INTRODUCTION 

It  is  a  pleasure  for  us  to  join  in  this  festive  occasion  honoring  Professor 
Philip  Bray.  We  have  known  Phil  for  more  than  a  quarter-century  and  have 
never  failed  to  be  impressed  by  the  breadth  of  his  knowledge,  his  outstanding 
insight  and  physical  intuition,  and  his  remarkable  ability  to  communicate  ideas 
with  such  clarity  that  even  non- specialists  gain  valuable  new  understanding. 
Phil,  without  doubt,  occupies  a  special  place  in  the  scientific  pantheon  as  the 
father  of  NMR  studies  of  glass  structure.  These  studies  have  provided  new 
insight  and  perspective  of  such  fundamental  importance  that  no  work  which 
discusses  the  structure  and  properties  of  glasses  is  complete  without  liberal 
citation  of  the  gospel  according  to  St.  Philip.  For  those  of  us  who  teach  new 
generations  of  students,  our  classes  are  replete  with  references  to  Phifs  opus, 
and  his  name  is  a  household  word  for  all  our  students. 

Beyond  his  contributions  as  a  scientist,  which  have  been  legion  and  weighty, 
mention  should  be  made  of  Phil’s  role  as  the  Sage  of  Providence.  He  has  served 
for  years  as  a  mentor  to  the  field — both  to  his  own  students  and  the  students 
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of  others,  as  well  as  to  colleagues  throughout  the  world.  His  counsel  and  per¬ 
spective,  which  are  widely  sought-after,  have  had  important  influence  upon 
directions  which  the  field  has  taken — and  have  helped  us  through  numerous 
‘sticky  situations’.  Many  of  us  recall  how,  during  the  turmoil  of  the  late  1960’s- 
early  1970’s,  Phil  managed  to  maintain  a  sense  of  greatly-needed  balance  and 
judgment. 

Perhaps,  most  important  of  all,  is  Phil  Bray,  our  friend.  Phil  is  a  warm  and 
caring  individual,  whose  enthusiasm  is  downright  contagious  and  whose  love 
of  life  provides  an  example  for  all.  Even  when  one  may  not  see  eye-to-eye  with 
him  on  issues  Phil  never  loses  his  cool  and  never  lets  disagreements  compro¬ 
mise  friendship.  We  salute  you,  Phil,  on  this  special  occasion;  and  we  look 
forward  to  joining  you  in  celebrating  your  80th  birthday. 

2.  BORON  OXIDE  ANOMALY 

The  ‘boron  oxide  anomaly’  refers  to  the  appearance  of  extrema  in  various 
property  vs.  composition  relations  for  borate  glasses,  particularly  alkali  borate 
glasses.  Perhaps  the  best-known  extrema  are  the  minima  observed  in  the  curves 
of  thermal  expansion  coefficient  vs.  R2O  concentration.  There  is,  however,  no 
consensus  as  to  the  detailed  forms  of  these  relations,  nor  the  locations  of  the 
minima  (see,  e.g..  Fig.  2  in  Ref  [1]  for  sodium  borate  glasses).  The  most  ex¬ 
treme  differences  in  the  data  are  represented  by  the  results  reported  by  Uhlmann 
&  Shaw  [1]  and  by  Shelby  [2]. 

When  all  alkali  borate  systems  are  considered,  the  data  of  Shelby  [2]  indi¬ 
cate  minima  at  about  20  mol%  R2O  independent  of  alkali  type,  with  the  minima 
being  quite  steep  for  Li20,  reasonably  steep  for  Na20,  notably  more  shallow 
for  K2O,  and  more  shallow  still  for  Rb20.  In  contrast,  the  data  of  Uhlmann  & 
Shaw  [1]  indicate  broad  minima  in  all  five  systems,  with  the  location  of  the 
minima  depending  on  the  type  of  alkali. 

There  is,  however,  general  agreement  that  the  depth  of  the  minimum  follows 
the  order  Li>Na>K>Rb>Cs.  This  likely  reflects  the  larger  cations  being  less 
bonded  in  the  borate  framework,  producing  less  coherent  structures  and  higher 
thermal  expansion  coefficients. 

Some  of  the  variations  in  the  reported  data  may  reflect  issues  such  as  the 
water  content,  thermal  history  of  the  glasses,  and  the  temperature  range  over 
which  measurements  are  made.  As  examples  of  the  last,  the  data  of  Shelby 
represent  the  average  over  the  range  100  to  200°C;  while  those  of  Uhlmann  & 
Shaw  are  the  average  over  the  range  -196  to  25°C.  This  difference  in  the  tem¬ 
perature  range  of  the  data  may  well  be  important  in  light  of  the  observations 
of  Ahmed  et  al  [3],  who  reported  significant  variations  in  a  with  temperature, 
over  the  temperature  range  between  100  and  300°C. 

Thus,  in  summary,  although  certain  features  of  the  thermal  expansion 
anomaly  are  common  to  all  previous  results,  the  actual  shapes  of  the  thermal 
expansion  curves  vary  markedly  for  different  investigations. 
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3.  EXPLANATIONS  FOR  THE  ANOMALY 

Several  explanations  have  been  advanced  to  explain  the  anomaly.  These  in¬ 
clude: 

3.1.  Warren  et  al,  [4,5]: 

These  authors  associated  the  minimum  in  a  with  a  competition  between  the 
formation  of  four-coordinated  borons  (4CB’s)  (which  they  suggested  would 
lower  a)  and  the  formation  of  nonbridging  oxygens  (NBO’s)  (which  they  sug¬ 
gested  would  raise  oc).  At  small  concentrations  of  R2O,  the  formation  of  4- 
coordinated  borons  was  suggested  to  dominate. 

This  explanation  was  called  into  question  by  the  NMR  data  of  Bray  et  ah 
[6,7],  which  suggested  that  insignificant  numbers  of  NBO’s  were  formed  until 
the  alkali  oxide  content  of  the  glass  reached  about  30  mol%  (well  beyond  the 
range  of  the  minima  in  a  seen  in  nearly  all  data).  Further,  this  explanation 
would  not  account  for  the  observed  dependence  of  the  minima  on  the  alkali 
oxide  species. 

3.2.  Uhlmann  &  Shaw  [1]: 

These  authors  associated  the  minima  with  a  competition  between  the  for¬ 
mation  of  4CB’s  (which  were  taken  as  decreasing  a)  and  the  introduction  of 
modifying  cations  as  well  as  NBO’s  (which  were  taken  as  increasing  a).  This 
explanation  can  account  qualitatively  for  the  dependence  of  a  on  the  type  of 
alkali  for  glasses  having  the  same  concentration  of  4-CB’s  (at  small  content  of 
R2O).  It  neglects,  however,  any  influence  of  the  structural  units  in  the  glasses 
(save  for  the  4CB’s  and  NBO's);  and  ignores  complicated  cation  effects  (see 
below). 

3.3.  Shelby  [2]: 

This  author  associated  the  minima  with  the  disappearance  of  boroxol  groups, 
maxima  in  tetraborate  and  appearance  of  diborate  groups,  and  hence  directs 
attention  to  the  types  of  structural  units  in  the  glass.  This  explanation  does  not 
account  for  the  dependence  of  a  and  the  steepness  of  the  minima  on  the  type 
of  alkali;  nor  does  it  allow  for  differences  in  the  distributions  of  the  various 
structural  units  depending  on  the  type  of  cation  (as  indicated  by  recent  struc¬ 
tural  studies). 

3.4.  Chryssikos  et  aL  [8]: 

These  authors  cite  the  data  of  Shelby  and  associate  the  steepness  of  the 
minima  with  NBO’s,  which  they  suggest  are  formed  at  lower  R2O  contents,  and 
whose  concentration  increases  more  rapidly  with  R2O  content,  as  the  size  of 
the  alkali  ion  increases.  This  explanation  effectively  combines  the  view  of  War¬ 
ren  et  al.  with  newer  NMR  results  of  Zhong  &  Bray  [9]  which  show  a  depend¬ 
ence  of  NBO  concentration  on  the  type  of  alkali. 

This  explanation  also  has  difficulties.  For  example,  the  data  of  Shelby  on 
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lithium  borate  glasses  show  a  pronounced  minimum  in  a  at  about  20  mol% 
IA2O,  while  the  NMR  results  of  Zhong  &  Bray  indicate  the  absence  of  signifi¬ 
cant  quantities  of  NBO’s  until  at  least  23  mol%  Li20.  Further,  NBO’s  are  formed 
in  the  largest  quantities  in  Cs20~B203  glasses,  where  the  minimum  is  shallow 
at  best,  and  in  the  smallest  quantities  in  Li20— B2O3  glasses,  where  the  mini¬ 
mum  is  the  most  pronounced. 

Taken  as  a  whole,  the  above  explanations  are  qualitative,  rather  than  quan¬ 
titative.  One  must  consider  such  explanations  somewhat  inadequate  since  they 
cannot  account  for  the  positions,  depths,  or  breadths  of  the  minima,  nor  can 
they  explain  in  detail  the  differences  in  thermal  expansion  behavior  exhibited 
as  a  function  of  alkali  type. 

4.  THERMAL  EXPANSION  FORMULA 

One  can  express  a  in  terms  of  the  Gruneisen  constant  [10],  7,  as  shown  in 
Eq.  (1). 

cc=rPCJV^  (1) 

Here,  is  the  molar  volume,  Q  is  the  constant  volume  molar  specific  heat, 
and  p  is  the  isothermal  compressibility.  Several  points  regarding  this  formula 
and  its  relationship  to  the  thermal  expansion  minima  are  worth  mentioning. 

In  order  to  find  the  compositional  dependence  of  a,  one  must  utilize  the 
compositional  dependence  of  the  Gruneisen  constants  for  the  different  sys¬ 
tems,  which  are  not  known.  However,  one  can  use  thermal  expansion  data  and 
the  measured  compositional  dependences  of  the  other  thermodynamic  param¬ 
eters  to  infer  the  behavior  of  7  as  a  function  of  alkali  content.  This  procedure 
has  been  carried  out  for  lithium,  sodium,  and  potassium  borate  glass  composi¬ 
tions  (using  the  thermal  expansion  data  of  Ref  [1]).  Using  Eq.  (1),  one  can 
compute  the  composition  dependence  of  the  Gruneisen  constant  as  shown  in 
Eq.  (2). 


d  Iny  _  d  Ina  [  d  In^g  ^  d  InCy  dlnFml 
dx  dx  \  dx  dx  dx  J 

Figure  1  illustrates  the  results  for  lithium  borate  glasses.  The  open  squares  give 
the  composition  derivative  of  the  logarithm  of  the  thermal  expansion  coefficient, 
the  circles  give  the  term  in  the  curly  brackets,  and  the  difference  between  these 
curves  (as  seen  from  Eq.  (2)  gives  the  change  in  the  logarithm  of  the  Gruneisen 
constant  with  composition.  One  observes  that  the  Gruneisen  constant  has  a 
minimum  value  at  about  17  mol%  Li20  and  that  the  thermal  expansion 
minimum  occurs  at  about  23  mol%  Li20.  By  inspecting  similar  plots  for  sodium 
and  potassium  borate  glasses  the  following  observations  can  be  made: 

1 .  All  Gruneisen  constants  exhibit  minima  when  plotted  vs.  composition. 

2.  The  minima  in  /occur  at  smaller  concentrations  of  alkali  than  the  minima 
in  a,  for  all  R2O. 
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Fig.  1.  Composition  derivatives  of  the  logarithms  of  thermodynamic  quantities.  The  circles 
are  dlna/dx  and  the  squares  are  the  values  of  the  term  in  curly  brackets  in  Eq.  (2). 


3.  The  depth  in  the  thermal  expansion  minimum  appears  to  be  related  to  the 
value  of  dln/Zdx  at  x=0  (where  x  is  the  mole  %  R2O),  with  larger  values  of  this 
derivative  being  associated  with  deeper  minima.  Thus,  the  characteristics  of 
the  thermal  expansion  minima  appear  to  be  intimately  related  to  the  composition 
dependences  of  7. 

On  the  other  hand,  the  quantitative  relationship  between  glass  structure  and 
the  thermodynamic  quantities  which  appear  in  Eq.  (1)  are  not  known. 

5.  STRUCTURE  OF  ALKALI  BORATE  GLASSES 
5.1.  Fraction  of  4CB’s 

Since  all  previous  explanations  of  the  anomalous  thermal  expansion  behavior 
of  alkali  borate  glasses  have  been  presented  in  terms  of  changes  in  glass  struc¬ 
ture  with  increasing  R2O,  it  is  important  to  assess  the  current  state  of  knowl¬ 
edge  of  the  structure  of  such  glasses.  In  particular,  two  aspects  of  glass 
structure  are  particularly  germane;  the  fraction  of  4CB’s  or  NBO’s  as  a 
function  of  x  (i.e.  R2O  concentration)  and  the  borate  structural  units  which 
form  with  increasing  x.  These  two  features  are  considered  in  turn. 
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If  no  NBO’s  are  formed,  the  fraction  of  4CB’s  for  xR20.(l-x)B203  is  given 
by  N4=xI(1-x).  The  classic  NMR  studies  of  Bray  et  al  [6,7]  suggested  that  this 
relationship  was  followed  closely  by  the  experimental  data  for  all  alkali  borate 
systems  up  to  about  x=0-33;  and  hence  the  formation  of  NBO’s  would  be  in¬ 
significant  up  to  at  least  this  range  of  composition. 

In  more  recent  work,  using  modern  instrumentation,  Zhong  &  Bray  [9]  re¬ 
port  that  A^4  deviates  significantly  below  x/(l-x)  in  the  range  below  x=0-3,  and 
that  this  deviation  increases  in  the  order:  Li<Na<K<Rb<Cs.  Also,  in  con¬ 
trast  to  previous  results,  the  data  of  Zhong  &  Bray  indicate  major  deviations 
between  and  x/(l-x)  by  x=0-33,  and  that  the  deviation  of  from  x/(l-x) 
decreases  (at  least  for  some  systems)  between  x=0T7  and  0-23,  and  then  in¬ 
creases  between  x=0-23  and  0*33,  a  curious  result.  The  authors  point  out  that 
the  errors  in  previous  determinations  of  were  as  large  as  ±0-05,  but  do  not 
provide  an  estimate  of  the  error  in  the  new  data:  However,  Chryssikos  et  al  [8] 
suggest  an  error  of  ±0-02  in  the  new  determinations  of 

5.2.  Borate  Structural  Units 

Raman  spectroscopy  has  been  the  principal  experimental  tool  used  to  obtain 
information  about  the  borate  structural  units  in  alkali  borate  glasses,  e.g.  [11- 
15],  The  data  of  Lorosch  et  al  [12]  indicate  that  different  0-25R20.0-75B203 
ghsses  have  quite  different  structures.  For  Cs,  the  806  cm“^  band  due  to  boroxol 
rings  has  almost  completely  disappeared:  while,  for  Li,  the  806  cm"’  band  is 
comparable  in  intensity  to  the  other  strong  band  at  about  770  cm"’. 

With  respect  to  the  specific  borate  structural  units  present,  as  a  function 
of  composition,  in  different  alkali  borate  systems,  there  are  major  disagree¬ 
ments  in  the  literature,  resulting  from  differences  in  the  band  assignments. 
All  studies  indicate  the  gradual  disappearance  of  boroxol  units  and  the  ap¬ 
pearance  of  6-membered  rings  containing  BO4  tetrahedra  over  the  range 
about  0  to  25  mol%  R2O,  but  here  the  agreement  ceases.  Konijnendijk  & 
Stevels  [11]  suggest  the  presence  of  loose  BO3  triangles  and  BO4  tetrahedra 
and  tetraborate  groups,  others  [8,14]  also  suggest  tetraborate  units,  but  also 
metaborate  chains  containing  NBO’s,  while  Meera  &  Ramakrishna  [15] 
suggest  that  all  alkali  borate  glasses  in  this  composition  range,  with  the 
exception  of  Cs  borates,  contain  only  pentaborate  units. 

Lorosch  et  al  [12]  and  others  [8,14]  argue  in  favor  of  a  strong  cation  effect, 
with  boroxols  being  destroyed  more  rapidly  with  the  addition  of  larger  cations, 
while  Meera  &  Ramakrishna  suggest  that  different  alkali  ions  have  the  same 
effect  on  the  borate  network. 

Thus,  it  appears  that  there  is  uncertainty  regarding  changes  in  glass  struc¬ 
ture  with  increasing  R2O  in  alkali  borate  glasses.  Namely,  there  is  contra¬ 
dictory  evidence  from  Raman  studies  relating  to  the  rate  of  boroxol  destruction 
as  well  as  triborate  and  pentaborate  formation  with  increasing  R2O.  Further¬ 
more,  the  most  recent  NMR  results  for  display  unusual  behavior  in  the 
region  between  x=0  and  23  mol%. 
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6.  CONCLUDING  REMARKS 

We  meet  today,  more  than  six  decades  after  Gooding  &  Turner  [16]  reported 
a  minimum  in  a  in  the  Na20-B203  system  and  after  outstanding  advances 
using  NMR,  XRD  and  Raman  spectroscopy  to  elucidate  the  structural  fea¬ 
tures  of  borate  glasses.  There  is,  however,  no  agreement  about  the  forms  of 
such  minima  in  various  alkali  borate  systems,  or  the  detailed  structural  fea¬ 
tures  (particularly  the  borate  groupings)  in  such  glasses;  and  the  prospects  for 
a  priori,  quantitative  predictions  of  a  behavior  remain  bleak. 

One  major  issue  is  the  marked  variations  reported  in  the  thermal  expansion 
behavior,  as  well  the  different  ranges  of  temperature  covered  by  the  different 
sets  of  data.  In  order  to  assess  the  thermal  expansion  anomaly  in  a  rational 
manner,  one  first  needs  an  agreed  upon  set  of  data  to  interpret.  Thus,  it  would 
seem  highly  desirable  to  perform  a  round-robin  investigation  of  the  thermal 
expansion  in  alkali  borate  glasses.  The  temperature  range  should  span  room 
temperature  in  order  to  produce  data  in  the  temperature  region  where  most 
structural  studies  are  executed. 

Qualitative  explanations  for  the  observed  behavior  of  a  have  suggested  that 
the  fraction  of  BO4  units,  the  numbers  of  NBO’s,  the  nature  of  the  borate 
groupings  formed  and  the  cation  species  are  all  important.  However,  ambigui¬ 
ties  in  the  interpretation  of  structural  measurements  prevent  one  from  assess¬ 
ing  the  relative  significance  of  the  above  factors.  Hence,  more  investigations 
aimed  at  obtaining  quantitative  information  regarding  structural  features  are 
needed. 

Finally,  one  may  argue  that  even  if  there  were  consistency  in  the  sets  of 
thermal  expansion  data  and  if  the  alkali  borate  glass  structures  were  known 
precisely,  the  thermal  expansion  anomaly  could  not  be  explained  at  a  funda¬ 
mental  level.  This  stems  from  the  fact  that  we  are  totally  ignorant  of  the  re¬ 
quired  structure-property  relationship  for  thermal  expansion.  One  observes 
from  Eq.  (1)  that  the  thermal  expansion  depends  upon  several  thermodynamic 
parameters,  each  of  which  has  a  complex  relationship  with  structural  features. 
Thus,  much  work  needs  to  be  done  to  provide  a  quantitative  relationship  be¬ 
tween  thermal  expansion  behavior  and  structural  modifications. 

One  could  hope  to  explain  the  thermal  expansion  anomaly  (in  a  less  physi¬ 
cal  manner)  by  examining  the  concentration  dependencies  of  the  thermody¬ 
namic  quantities  in  Eq.  (1).  However,  as  mentioned  previously,  this  procedure 
calls  for  knowledge  of  the  composition  dependencies  of  the  Gruneisen  con¬ 
stants.  If  one  could  calculate  these  composition  dependencies  theoretically,  then 
one  might  develop  a  viable  theory  of  the  thermal  expansion  anomaly. 

The  authors  are  reminded  of  the  comments  of  Adlai  Bishay  at  the  1984 
Kreidl  Symposium  [17]:  “After  having  been  out  of  the  field  of  glass  science  for 
rnore  than  a  decade,  it  is  delightful  to  be  reunited  with  so  many  old  friends 
discussing  so  many  of  the  same  old  problems  using  so  many  of  the  same  old 
models”.  We  would  not  be  surprised  if  these  comments  apply  when  Phil  Bray 
joins  us  on  his  centennial  birthday. 
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LOW-Q  FEATURES  IN  DIFFRACTION  DATA  FOR  BORATE 
GLASSES  AND  CRYSTALS  -  AN  EXAMINATION  OF 
SIMILARITIES  IN  MEDIUM-RANGE  STRUCTURES 
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Features  in  X-ray  and  neutron  scattering  data  for  amorphous  solids  at  low 
values  of  the  scattering  vector,  Q,  are  related  to  the  medium-range  structure 
of  the  glass.  In  many  glasses  (and  some  melts  and  simple  liquids)  the  posi¬ 
tions  of  low-Q  peaks  are  related  to  features  in  equivalent  crystalline  phases 
In  silica,  recent  work  has  shown  that  low-Q  peaks  are  associated  with  “quasi- 
Bragg”  planes  in  the  glass  with  a  distinct  similarity  to  those  found  in 
cristobalite  and  tridymite.  X-ray  and  neutron  scattering  data  for  borate  glasses 
containing  cations  like  Ag^,  Cs^  and  LF  are  compared  with  simulated  dif¬ 
fraction  patterns  for  equivalent  crystals.  Comparison  is  close  and  supports 
the  conclusion  that  large  polyanionic  “super-structural”  units  are  intrinsic 
features  of  the  vitreous  phase.  The  packing  of  such  groups  and  the  intersti¬ 
tial  cations  is  likely  to  reflect  that  of  the  crystals  too. 


1.  SHARP  FIRST  DIFFRACTION  PEAKS  IN  OXIDE  GLASSES. 

Vitreous  boron  oxide,  like  silica,  exhibits  a  sharp  first  diffraction  peak  but,  unlike 
silica,  the  position  in  the  glass  differs  from  that  of  a  strong  Bragg  peak  in 
corresponding  crystals.  The  peak  in  a-Si02  corresponds  to  a  similar  feature  in 
cristobalite  and  tridymite,  whereas  the  peak  in  C-B2O3  is  distinctly  different  in  the 
glass  and  crystal.  The  reason  almost  certainly  lies  in  similarity  of  the  medium- 
range  structures  of  glass  and  crystal  for  Si02  and  the  essential  dissimilarity  for 
B2O3.  Questions  arise  also  over  the  variations  in  the  low-Q  features  as  a  function 
of  additions  of  the  so-called  network-modifying  oxides.  Recent  neutron  scattering 
data  by  Swenson,  Borjesson  &  Howells  [1]  have  added  to  earlier  x-ray  results  so 
that  there  is  now  adequate  experimental  data  to  base  a  more  general  explanation 
of  the  origin  of  low-Q  diffraction  peaks  in  borate  glasses. 

The  essence  of  the  argument  for  the  occurrence  of  First  Sharp  Diffraction  Peaks 
(FSDPs)  in  glasses  is  that  the  medium-range  structure  may  be  qualitatively  similar 
to  one  or  more  equivalent  crystalline  phases.  If  so,  it  is  reasonable  to  interpret  FSDPs 
in  glasses  and  crystals  in  the  same  language  [2].  For  crystals,  we  consider  Bragg 
planes,  planes  in  real  space  with  a  separation  d^ki:  atoms  lying  on  these  planes  scatter 
in  phase,  and  with  a  phase  difference  exp(iQ.r)  for  atoms  lying  between  planes  (Q  is 
the  scattering  vector:  lQ|=Q=47Esin0/>.;  where  20  is  the  scattering  angle,  X  the  wave- 
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length;  r  is  an  atomic  position  vector  with  origin  on  a  Bragg  plane).  For  glasses  we 
argue  that  small  contiguous  or  interlocking  regions  of  a  macroscopic  specimen  will 
have  distorted  but  essentially  planar  atomic  density  fluctuations,  with  a  spacing  char¬ 
acteristic  of  {hkl}  Bragg  planes  in  the  corresponding  crystal.  Although  it  is  natural 
to  extrapolate  the  model  and  brand  it  a  “microcrystallite  model”,  the  temptation 
should  be  resisted.  Current  evidence  suggests  similarity  between  lattice  planes  in 
crystals  and  microscopic  regions  in  glasses  with  (randomly-orientated)  “quasi-lat¬ 
tice”  planes  but  we  have  no  real  evidence  of  their  spatial  extent:  perfection,  parallel¬ 
ism  etc,  or  the  degree  to  which  they  are  (flat)  planes  at  all  -  as  distinct  from  “alliaceous” 
(onion-like)  structures  with  parallel  “skins”  separated  by  du,]. 

The  suggestion  that  the  structures  of  glasses  are  comparable  to  those  of 
equivalent  crystals  is  not  confined  to  FSDPs  -  nor  is  it  new.  It  is  generally 
accepted  that  the  local  structures  of  glasses  and  crystals  are  similar:  the  sug¬ 
gestion  is  only  really  contentious  for  correlations  extending  into  the  medium- 
range  of  structure  from  0-5-T5  nm,  say.  Krogh-Moe  argued  consistently,  thirty 
years  ago,  for  similarity  of  the  polyanionic  structure  of  crystalline  and  vitre¬ 
ous  borates,  and  he  also  pioneered  x-ray  determinations  of  the  structure  of 
many  crystalline  borates  and  thus  laid  the  foundations  for  a  more  general  un¬ 
derstanding  of  the  structures  of  amorphous  and  crystalline  phases. 

2.  INVESTIGATION 

In  this  paper,  I  compare  the  x-ray  and  neutron  scattering  data  for  several 
glasses  with  calculated  diffraction  data  for  (where  possible)  compositionally- 
equivalent  crystalline  phases.  The  test  of  this  approach  is  quality  of  the  fit  and 
the  degree  of  insight  offered  by  the  crystal  structure  into  the  medium-range 
structure  of  the  glass.  Where  there  is  a  good  fit  then  I  argue  that  it  is  reasonable 
to  suppose  that  structure-forming  operations  (SFOs)  are  similar  in  each  case. 
The  result  is  not  so  much  a  theory  of  medium-range  structure  in  these  glasses 
or  of  glasses  in  general  -  more  an  observation  which  may  turn  into  a  theory 
once  we  understand  how  SFOs  in  the  glass  and  crystal  are  related. 

Analysis  is  restricted  to  two  heavy-atom  glasses  -  containing  Cs  and  Ag,  and 
a  glass  containing  Li,  a  typical  light  alkali  metal.  X-ray  scattering  in  the  first 
series  is  dominated  by  the  metal  cation  whereas  the  Li  atoms  effectively  disap¬ 
pear  in  x-ray  data.  An  advantage  of  studying  the  Li  and  Ag  borates  is  that 
isotopes  exist  with  different  scattering  lengths  so  that  the  contribution  of  the 
metal  atoms  can  be  emphasized.  Scattering  data  were  produced  using  the  Cerius 
package  [3]  and  results  are  given  for  microcrystallites  with  an  (arbitrary)  edge 
length  of  3  nm.  This  provides  more  representative  graphical  data  but  does  not 
imply  a  microcrystallite  model  of  course. 

3.  RESULTS 

3.1.  Caesium  Borates 

Krogh-Moe  [4]  has  published  (early)  x-ray  data  for  a  series  of  glasses 
containing  up  to  20-9%  CS2O  -  Fig.  1 ,  and  crystal  structures  for  the  enneaborate. 


72 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


I(Q) 


Fig.  1. X  -ray  scattering  from  B2O3  and 
caesium  borate  glasses  with  4.6,  10.7  and 
20.9%  CS2O.  [4]. 


I  (Oil)  j  (112) 
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Fig.  2.  Simulated  x-ray  diffracted  inten-sity 
data  for  CS2O.3B2O3.  Points  show  data  for 
the  crystal,  broadened  to  represent  3  nm 
microcrystals.  The  full  line  is  for  a  lattice 
with  Cs  atoms  only,  the  hatehed  plot,  the 
difference.  The  ordinate  scale  for  the 
scattered  intensity  is  arbitrary.  The  arrow 
marks  the  position  of  the  FSDP. 


Cs20.9B203and  triborate  [5,6].  Data  for  the  glasses  show  a  shift  of  the  first 
peak  from  about  15-9  nm“^  in  B2O3  to  17*1  nm"^  with  even  a  minor  (4*7%) 
addition  of  CS2O.  Krogh-Moe  points  out  that  this  is  due  to  overlap  of  the 
contribution  of  a  “B2O3”  peak  and  a  higher  Q  peak  at  18*4  nm“^  the  position 
of  which  remains  constant  on  further  addition  of  caesium. 

The  first  strong  x-ray  peak  for  C-CS2O.3B2O3  (Fig.  2)  occurs  at  Q=18*8  nm"^ 
-  about  2%  higher  than  the  value  of  18*4  nm“^  for  the  glass  containing  about 
21%  CS2O.  (A  likely  increase  in  specific  volume  of  about  5%  is  reflected  in  a 
decrease  of  inverse  distances  in  glasses  of  about  2%  compared  to  crystals.) 
This  peak  corresponds  to  (1 12)  and  (121)  reflections  in  the  ratio  of  about  2:1 
and  is  clearly  dominated  by  scattering  from  the  Cs  atoms.  The  scattered  inten¬ 
sity  for  the  Cs-Cs  pairs  alone  contributes  over  75%  of  the  total  (Fig.  2).  It  is 
therefore  reasonable  to  treat  the  scattering  as  principally  due  to  Cs  and  then 
consider  the  modifications  imposed  by  the  B-0  network.  The  lattice  contain¬ 
ing  only  Cs  atoms  has  three  strong  reflections  at  low  values  of  Q,  the  lowest  at 
Q  ~  10  nm“^  It  is  interesting  to  see  why  these  appear  as  only  insignificant 
shoulders  in  the  full  structure  and,  I  suggest,  thus  make  little  or  no  contribu¬ 
tion  to  the  FSDP  in  glasses.  Considering  the  (Oil)  planes  at  Q=10*  1  nm"^  (Fig. 
3):  these  pass  close  to  the  Cs  positions  and  contribute  a  high  scattered  ampli- 
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Fig.  3.  Projection  of  CS2O.3B2O3  along 
<  1 1 1>  showing  the  borate  network  and  Cs 
atoms  (circles).  (001)  planes  (Q  =  10-1  nm~‘) 
pass  close  to  the  Cs  atoms  with  the 
“borate”  network  between.  The  Cs  atoms 
and  most  of  the  B  and  O  atoms  lie  close  to 
the  (112)  planes  at  a  higher  value  of  Q 
(18-8  nm"').  A,Bj  C  are  the  axes  of  a 
2x2x2  supercell. 


Fig.  4.  Simulated  neutron  scattering  data 
for  CS2O.3B2O3  (points)  and  for  the  lattice 
containing  only  Cs  (line). 


tude.  But  the  B  and  O  atoms  that  populate  the  space  between  the  Bragg  planes 
give  out-of-phase  contributions  so  that  the  intensity  of  the  (Oil)  peak  falls  to 
about  a  quarter  of  that  of  the  (1 12)  peak  at  Q=18*8  nm"h 

The  efect  of  the  “borate”  network  on  the  (112)  peak  at  Q=18*8  nm"^  is 
quite  different.  Fig.  3  shows  that  most  B  and  O  atoms  lie  close  to  the  (112) 
Bragg  planes  and  therefore  make  an  in-phase  contribution  to  the  scattered 
amplitude  and  increase  the  intensity.  This  is  a  general  effect  for  heavy  atom 
glasses  -  although  the  resultant  intensities  depend  rather  crucially  on  the  atomic 
scattering  amplitudes. 

Neutron  scattering  amplitudes  for  the  three  atoms  are  more  equal  (b  val¬ 
ues  for  ^^B,  O  and  Cs  are  6-7,  5*8  and  5*4  fm).  The  contribution  of  the  B-0 
network  now  dominates  the  scattering:  Cs-Cs  pairs  contribute  only  8%  to 
the  intensity  of  the  (112)  peak  for  instance.  The  first  strong  neutron  peak  in 
the  triborate  lies  at  Q  =  lOT  nm"’  (Fig.  4).  The  Cs  atoms  between  the  B  and 
O  atoms  near  the  Bragg  planes  give  out-of-phase  contributions  to  the  scat¬ 
tered  amplitude  but  the  Cs  concentration  is  insufficient  to  reduce  the  inten¬ 
sity  significantly.  I  am  not  aware  of  neutron  scattering  data  for  Cs  borate 
glasses  but  it  seems  reasonable  to  predict  an  FSDP  at  about  1 1  nm~K  (But  see 
note  [12]) 
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Fig.  5.  Neutron  scattering  data  for  Ag 
tetraborate  (lower)  and  diborate  glasses. 
Curves  displaced  vertically  by  04  [1]. 
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Fig.  6.  X-ray  scattering  data  for  several 
silver  borate  glasses  [7]. 


3.2.  Silver  borates 

Swenson  etal[\]  show  neutron  scattering  data  for  a  number  of  Ag20-B203 
glasses.  The  single  peak  in  a-B203  decreases  in  intensity  in  a-Ag20.8B203and 
splits  into  two  obvious  components  -  a  shoulder  near  13*5  nm"^  and  the  main 
peak  at  19  nm"^  for  a-Ag20.4B203  (Fig.  5).  In  a-Ag20.2B203,  the  first  peak  at 
13-2  nm“^  is  the  most  prominent  (but  with  low  intensity).  A  third  peak  appears 
at  27  nm"^  -  the  growth  of  this  feature  being  obvious  in  Ag20.4B203  as  a 
shoulder. 

X-ray  data  for  Ag  borate  glasses  (Fig.  6)  has  been  published  by  Cervinka  & 
Rocca  [7],  supplementing  earlier  work  by  Kamiya  et  al  [8].  The  main  feature 
moves  from  18-9  nm“^  in  the  octaborate  to  22-2  nm"^  in  the  diborate  with  a 
feature  at  12*3  nm"^  increasing  from  a  shoulder  in  the  octaborate  to  a  distinct 
peak  in  tetraborate  and  diborate  glasses  but  without  any  shift  in  position.  The 
difference  between  the  x-ray  peak  at  12*3  nm“^  and  the  neutron  peak  (13-2- 13 -5 
nm'^),  although  small,  appears  to  be  significant. 

Simulated  x-ray  diffraction  data  for  the  tetraborate,  Ag20.4B203  [9]  are  shown 
in  Fig.  7.  Two  strong  features  appear:  a  first  peak  at  about  12-5  nm"^  and  a 
broad  feature  at  20-6  nm"^  -  in  reasonable  agreement  with  the  peaks  in  the  x- 
ray  data  for  the  glass.  Again  scattering  from  high  atomic  number  atoms  (ZAg=47) 
dominates:  the  contribution  from  Ag-Ag  pairs  is  shown  in  Fig.  7.  Again  the 
intensity  of  the  first  peak  at  12*5  nm“^  is  reduced  (by  a  factor  of  about  2)  as  a 
result  of  destructive  interference  from  the  network,  whereas  the  second  peak 
intensity  increases  by  fourfold  due  to  constructive  interference. 
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Fig.  7.  Simulated  x-ray  scattering  data  for 
Ag20.4B203  (points).  The  full  line  gives  the 
scattered  intensity  for  a  lattice  containing 
only  Ag  and  the  hatched  curve  is  the 
difference.  The  “glitch”  at  19  nm“4s  an 
artefact. 


Fig.  8.  Simulated  neutron  scattering  data  for 
Ag20.4B203  (points).  Curves  labelled  as  in 
Fig.  7. 


Neutron  scattering  is  different.  The  neutron  scattering  lengths  of  Ag,  "B 
and  O  are  similar,  but  the  concentration  of  Ag  is  less  than  OT.  Consequently 
the  periodicities  in  the  borate  sub-structure  produce  the  prominent  features. 
The  strongest,  Q=19*2  nm"^  is  due  to  (200)  Bragg  planes  that  pass  through 
obvious  layers  in  the  borate  sub-structure  and  also  close  to  Ag  positions,  al¬ 
though  the  contribution  of  the  latter  is  only  small.  The  strongest  diffraction 
features  that  come  principally  from  the  Ag  network  are  the  (111)  and  (111) 
peaks  at  Q  =  12-6  nm~^  which  produce  the  strong  FSDP  in  the  x-ray  data:  these 
contribute  only  about  12%  of  the  intensity  of  the  strong  peak  at  Q=19‘2  nm“^ 
The  most  prominent  low-Q  feature  at  Q~14-2-14-4  nm“*  arises  from  overlap  of 
several  Bragg  peaks,  the  strongest  being  the  (112)  at  14-0  nm"^ 

The  crystal  structure  data  therefore  reproduces  (semi-quantitatively)  the  dif¬ 
ferent  positions  of  the  first  component  of  the  FSDP  in  x-ray  and  neutron  data 
(12-5  andl4*2-144  nm"^)  compared  to  the  shift  from  12*3  nm"%o  13-2-13-5 
nm“^  seen  in  experiments. 

3.3.  Lithium  borates 

Little  change  occurs  in  the  FSDP  as  the  Li  content  increases  [1]  except 
that  the  peak  moves  from  16T  to  15-3  nm“%n  the  diborate.  The  intensity 
changes  only  a  little  but  the  peak  becomes  about  1 5%  narrower.  There  is  no 
indication  of  any  shoulder  on  the  low-Q  side  of  the  peak  although  a  shoulder 
near  20  nm~^  appears  in  the  diborate  glass.  X-ray  data  of  Paschina  et  al  [10] 
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Fig.  9.  Simulated  neutron  scattering  data 
for  Li20.2B203.  Points  are  for  the  glass 
containing  natural  Li,  the  full  line  gives 
approximate  data  for  the  glass  with  a  zero 
scattering  mixture  of  isotopes,  ”Li.  For 
details,  see  text. 


Fig.  10.  Projection  of  the  Li20.2B203 
structure  along  <1  li>  showing  (112) 
planes. 


for  glasses  containing  up  to  about  25%  Li20,  show  one  of  these  features:  the 
FSDP  moves  to  about  15*7  nm'^  in  the  high  Li  glass  but  the  peak  intensity  is 
much  lower  than  in  a-BaOs  and  the  width  is  larger. 

Calculated  neutron  scattering  data  for  c-Li20.2B203  [1 1]  are  shown  in  Fig. 
9.  The  strongest  peak,  (112),  is  at  Q  =  154  nm-^  compared  with  the  FDSP  at 
15-3  nm”^  in  the  glass  .  ""^Li  has  a  negative  scattering  length  -  the  amplitude  of 
the  neutron  wave  scattered  by  Li  atoms  is  in  anti-phase  with  respect  to  waves 
scattered  by  B  and  O.  Thus  Li  atoms,  that  lie  mostly  between  the  (112)  B-O 
network  planes  (Fig.  10)  add  in-phase  contributions  to  the  total  scattered  am¬ 
plitude  and  thus  increase  the  scattered  intensity.  Swenson  et  al  [1]  have  ob¬ 
served  a  decrease  in  scattered  intensity  following  substitution  of  “^'Li  by  ^Li  -  a 
mixture  of  ^Li  and  ^Li  with  zero  coherent  scattering  length.  The  effect  can  be 
simulated  semi- quantitatively  by  “substituting”  Li  in  the  Li20.2B203  structure 
with  the  scattering  length  for  V.  Vanadium  scatters  almost  incoherently  -  that 
is  interference  between  M  and  the  other  atoms  is  reduced  to  almost  zero.  Fig. 
9  shows  qualitative  agreement  with  experiment  although  the  change  is  about 
twice  as  large  as  measured,  which  probably  reflects  positional  disorder  of  the 
Li  atoms  in  the  glass. 
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4.  DISCUSSION  AND  CONCLUSIONS 

The  examples  above  suggest  that  real  progress  has  been  made  in 
understanding  FSDPs  and  the  medium-range  structures  of  borate  glasses 
through  examination  of  low-Q  peaks  in  the  scattering  data  for  equivalent 
crystals.  The  first  peak  in  the  glass  and  features  for  the  crystal  show  a  pleasing 
agreement  in  positions  and  although  one  would  not  expect  quantitative 
a^eement  of  the  intensity  distributions,  the  results  are  not  too  un-representative 
either.  Moreover,  some  of  the  detailed  effects  noted  in  experiments  -  differences 
between  glasses  with  different  isotopic  composition,  differences  between  the 
positions  of  peaks  in  neutron  and  x-ray  data,  are  also  reproduced  by  these 
simulations. 

There  are  of  course  questions  raised  by  this  work:  the  problem  raised  by 
lack  of  agreement  between  positions  of  the  FDSPs  of  amorphous  and  crystal¬ 
line  B2O3,  for  example.  But  perhaps  the  most  difficult  to  understand  is  the 
origin  of  the  fluctuations  in  atom  and  electron  density  in  the  glasses.  Two  fac¬ 
tors  (SFOs)  seem  important:  packing  efficiency  and  local  charge  balancing.  In 
glasses  containing  big  cations,  Cs  and  Ag,  with  coordination  numbers  between 
7  and  10,  the  boron-oxygen  network  must,  to  a  degree,  fold  around  the  cation 
sites.  In  some  structures  -  like  the  Li  and  Ag  borates  considered  here  -  the 
boron-oxygen  network  is  in  fact  plural  -  two  independent  nets  intertwining 
and  interweaving  each  other  and  the  cations,  which  in  some  senses  link  the  two 
networks.  The  reason  for  this  plurality  is  the  low  packing  efficiency  of  the  n- 
membered  B-0  ring  structures  that  characterise  the  structure  of  the  borate 
polyanions.  Associated  with  this  will  be  the  difficulties  in  maintaining  local 
charge  balance  around  the  cation  and  the  negative  charge  located  in  the  vicin¬ 
ity  of  tetrahedrally-coordinated  B.  It  seeems  reasonable  to  argue  therefore  that 
these  constraints  will  lead  to  a  limited  set  of  low  energy  local  configurations  - 
the  global  minimum  being  the  crystal,  of  course.  These  constraints  thus  favour 
medium-range  structures,  related  -  perhaps  quite  closely  -  to  the  energetically- 
favoured  medium-range  structure  exhibited  by  the  crystal. 

The  likelihood  is  that  the  ordering  of  the  metal  cations  will  resemble  that  of 
the  crystal  -  thus  explaining  the  x-ray  data  for  the  Cs  and  Ag  borates.  It  is  equally 
possible  to  ar^e  (more  conventionally)  that  strong,  partially  covalent  B-O  bonds 
need  to  be  satisfied  by  low  energy  configurations,  and  that  some  degree  of  local 
ordering  (certainly)  and  medium-range  ordering  (possibly)  like  that  of  the  crys¬ 
tal  is  the  only  way  this  can  be  achieved.  The  glasses  therefore  have  the  chemical 
order  of  the  polyanionic  structures  of  the  crystals  -  pentaborate,  triborate  and 
diborate  rings,  for  example  with  cations  occupying  the  intervening  spaces.  This 
would  explain  the  neutron  data  for  the  Li  and  Ag  borates. 

But  the  most  plausible  assumption  is  that  order  in  the  cationic  and  in  the  ani¬ 
onic  substructures  are  inextricably  linked  -  the  one  being  only  possible  providing 
the  other  is  satisfied.  If  so,  equivalence  of  the  FSDPs  implies  equivalence  of 
local  and  medium-range  order  in  both  substructures. 

One  further  feature  needs  emphasis,  perhaps.  There  are  (many)  alternative 
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structural  explanations  for  the  origin  of  FSDPs  in  glasses  -  void-network  inter¬ 
ference;  preferred  distances  across  n-membered  rings;  oscillations  in  atomic  den¬ 
sity  on  several  scales;  layer  structures.  The  choice  between  these  may  to  a  degree 
be  seen  as  purely  a  matter  of  preference  or  even  a  question  of  semantics.  What 
this  work  demonstrates  is  that  whatever  language  is  chosen  to  describe  the  struc¬ 
ture  -  arrangement  of  voids,  say  -  the  arrangement  that  fits  the  experimental 
data  will  most  likely  have  a  close  similarity  to  that  of  an  equivalent  crystalline 
phase.  But  I  believe  that  the  notion  of  “quasi-Bragg”  planes  gives  by  far  the 
clearest  representation  and  interpretation  of  the  experimental  facts. 
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A  summary  is  presented  of  structural  data  for  the  crystalline  polymorphs 
existing  in  a  wide  range  of  binary  borate  glass-forming  systems  and  is  used 
as  a  basis  to  propose  a  set  of  topological  criteria  for  the  formation  of  vitre¬ 
ous  borate  networks.  It  is  shown  that  this  yields  considerable  insight  con¬ 
cerning  the  structural  criteria  for  the  formation  of  such  networks,  but  that 
the  information  which  can  be  obtained  is  limited  by  the  fact  that  many  of 
the  relevant  crystalline  structures  have  not  been  determined. 


1.  INTRODUCTION 

In  any  structural  study  of  melt-quenched  glasses,  much  useful  information  can 
be  derived  by  considering  the  structures  of  related  crystalline  polymorphs.  Thus, 
the  traditional  random  network  theory  was  first  proposed  by  Zachariasen  [1],  us¬ 
ing  structural  principles  elucidated  from  crystallography,  taking  due  regard  of 
the  additional  degrees  of  topological  freedom  required  by  a  disordered  net¬ 
work  appropriate  to  the  vitreous  state.  The  present  survey  of  the  crystalline 
polymorphs,  mMx0y.nB203  (abbreviated  mM.nB),  occurring  in  binary  borate 
glass-forming  systems  [2,3],  is  being  carried  out  in  conjunction  with  neutron 
scattering  and  thermodynamic  modelling  studies  of  related  glasses. 

2.  GLASS-FORMING  REGIONS 

The  conventional  single-phase  glass-forming  regions  for  the  binary  alkali 
borate  and  related  systems  are  shown  as  a  function  of  the  mole  fraction,  Xm,  of 
the  modifying  oxide  in  Fig.  1(A),  together  with  the  crystalline  polymorphs 
occurring  in  each  system  which,  in  addition  to  those  listed  in  the  Gmelin  Hand¬ 
book  [4],  include  3Li.7B  [5]  and  3Rb.7B  [6].  With  the  exception  of  the  Ag20- 
B2O3  [7],  Rb20-B203  and  CS2O-B2O3  [8]  systems,  the  glass-forming  regions  are 
taken  from  ^wson  [9]  and  the  handbooks  compiled  by  Mazurin  and  co-work- 
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Fig.  1.  Conventional  glass-forming  regions  ( - )  for  binary  borate  systems,  together  with 

the  corresponding  crystalline  polymorphs  (♦).  (A),  M2O--B2O3  and  (B),  MO-B2O3. 

ers  [10].  For  all  of  the  binary  systems  in  Fig.  1(A),  the  single-phase  glass-form¬ 
ing  region  commences  at  zero  x^,  whereas,  for  all  of  the  MO-B2O3  systems 
{Fig.  1(B)},  single  phase  glasses  do  not  form  at  low  modifier  contents.  Any 
glass  formation  in  this  region  results  in  phase- separated  glasses.  For  example, 
Shelby  [11]  records  two  glass  transition  temperatures  for  PbO-B203  glasses  in 
the  region  0-005<Xm<0*195,  corresponding  to  those  for  the  two  limiting  com¬ 
positions.  Before  discussing  the  relationship  between  the  glass-forming  regions 
and  crystalline  polymorphs  in  Fig.  1 ,  however,  it  is  first  necessary  to  summa¬ 
rise  the  structural  model  of  borate  glasses  which  has  evolved  from  early  stud¬ 
ies  of  Krogh-Moe  and  Bray  [12]. 


3.  BRAY  MODEL 

Borate  glasses  are  an  enigma  in  that  there  is  now  increasing  evidence  that, 
for  Xm<0*5,  an  important  aspect  of  their  structures  is  that  they  contain 
superstvuctural  units,  which  comprise  well  defined  arrangements  of  the  basic 
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Table  1 

Superstructural  Units  Occurring  in  Crystalline  Borates 


Superstructural 

Unit 

Formula 

BO3 

BO4 

Connectivity 

BPl  Bl'"  Total 

Examples 
Sole  unit 

Multi-unit 

A 

Boroxol 

B3O, 

3 

_ 

3 

- 

3 

_ 

Cs.9B 

B 

Triborate 

B3O, 

2 

1 

2 

2 

4 

Li.3B 

p-Na.3B 

C 

Di-triborate 

B3O8 

1 

2 

1 

4 

5 

Ba.2B 

K.2B 

D 

Metaborate 

B3O9 

- 

3 

- 

6 

6 

Ca.B-IV 

Ca.B-III 

E 

Diborate 

B4O9 

2 

2 

2 

2 

4 

Li.2B 

a-Na.3B 

F 

Pentaborate 

B5O10 

1 

4 

4 

- 

4 

K.B 

a-Na.4B 

G 

Di-pentaborate 

BsOh 

2 

3 

3 

2 

5 

- 

a-Na.2B 

H 

Tri-pentaborate 

BsOn 

3 

2 

2 

4 

6 

- 

2Ca.3B 

Structural  units  (BO3  and  BO4),  with  no  internal  degrees  of  freedom  in  the 
form  of  variable  bond  or  torsion  angles,  as  summarised  in  Table  1  (above)  and 
in  Fig.  1  of  the  accompanying  paper  by  Sinclair  et  al  [13].  The  much  lower 
incidence  of  superstructural  units  in  molecular  dynamics  simulations  suggests 
that  they  are  present  in  significantly  greater  numbers,  as  a  result  of  a  favour¬ 
able  formation  energy,  than  might  be  expected  on  statistical  grounds,  given  an 
equilibrium  B-O-B  bond  angle  of  ~120-130°.  The  currently  accepted  model 
of  borate  glasses,  therefore,  comprises  a  modified  Zachariasen- Warren  net¬ 
work  in  which  the  superstructural  units  are  connected  randomly  to  each  other 
[12],  together  with  the  basic  BO3  and  BO4  structural  unitSL  The  question  thus 
arises  as  to  how  such  units  can  be  connected  together  topologically  to  achieve 
a  disordered  glass  network  with  no  broken  bonds,  except  for  non-bridging  oxy¬ 
gen  atoms,  and  what  are  the  criteria  for  their  interconnection.  As  will  be  dem¬ 
onstrated,  much  useful  information  concerning  this  question  can  be  obtained 
by  studying  related  crystalline  structures. 

4.  M2O-B2O3  SYSTEMS 

The  lack  of  crystallographic  information  for  binary  borate  systems  can  be 
seen  from  the  Na20-B203  system,  where  a  full  crystal  structure  determination 
has  only  been  performed  for  7  out  of  a  total  of  22  polymorphs  listed  in  the 
Gmelin  Handbook  [4].  The  superstructural  units  or  borate  anions  occurring 
in  these  7  polymorphs  are  summarised  in  Table  2,  which  shows  the  complexity 
of  the  crystalline  borates  in  that  the  first  four  polymorphs  all  have  structures 
that  include  more  than  one  superstructural  unit.  Similarly,  the  various  diborate 
structures  also  exhibit  a  wide  range  of  superstructural  units,  as  may  be  seen 
from  Table  3.  Note  that,  unlike  many  diborates,  a-Na.2B  does  not  contain  the 
diborate  group  [14],  although  this  is  found  in  a-Na.3B  [15]  which  conversely 
does  not  have  any  triborate  groups.  Of  the  crystalline  diborates  included  in 
Fig.  1,  structures  have  not  been  reported  for  Cs,  Ag  and  TL 

Another  consequence  of  the  lack  of  crystallographic  data  is  that,  in  most 
cases,  the  nature  of  the  transitions  between  polymorphs  of  the  same  stoichi- 
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Table  2 

Superstructural  Units  in  Crystalline  Na20-B203  Polymorphs  [2] 


Crystal 

P5CI10 

B3O2 

BjOii 

B4O9 

BO4 

B,0|- 

6,0;^ 

BO|- 

a-Na.4B 

0-5 

0-5 

- 

- 

- 

- 

- 

- 

a-Na.3B 

0-5 

- 

- 

0-5 

- 

- 

- 

- 

p-Na.3B 

0-33 

0-33 

- 

- 

0-33 

- 

- 

- 

a-Na.2B 

- 

0-5* 

0-5 

- 

- 

- 

- 

- 

a-Na.B 

- 

_ 

- 

- 

- 

1-0 

- 

- 

2Na.B 

- 

- 

- 

- 

- 

- 

1-0 

- 

3Na.B 

- 

- 

- 

- 

- 

- 

- 

1-0 

*  Has  non-bridging  oxygen  atom  on  one 


ometry  with  increasing  temperature  is  also  unknown.  Basically,  these  can  be 
of  three  main  types:  displacive  (superstructural  units  and  network  topology 
unchanged),  reconstructive  (superstructural  units  unchanged,  network  topol¬ 
ogy  changed)  and  super-reconstructive  (superstructural  units  changed).  In  the 
case  of  Na.3B,  the  a-P  transition  is  super-reconstructive. 

Where  only  BO4  tetrahedra  and  no  non-bridging  oxygen  atoms  are  formed, 
the  fraction  of  4-fold  co-ordinated  boron  atoms,  X4,  is  given  by  [16] 

X4  =  Xm/(1-Xm)  =  m/n  (1) 

in  which  m  and  n  refer  to  the  crystalline  compound  with  the  general  formula 
given  in  Section  1.  The  fact  that  almost  all  crystalline  structures  with  Xm  <  0-5 
have  this  value  of  X4  (a-Na.2B  [14]  is  a  notable  exception)  indicates  that  the 
conversion  of  BO3  triangles  into  BO4  tetrahedra  is  energetically  more  favourable 
than  the  formation  of  non-bridging  oxygen  atoms.  The  rich  variety  of  borate 
structural  chemistry,  however,  is  due  to  the  proximity  of  these  two  formation 
energies  and  in  the  glass  extra  degrees  of  freedom  can  be  generated  by  the 
formation  of  non-bridging  oxygen  atoms  at  higher  modifier  contents,  as  shown 
for  a  number  of  systems  elsewhere  in  these  proceedings.  The  degrees  of  freedom 
required  for  glass  formation  also  mean  that  superstructural  units  with  the  higher 
connectivities  (e.g.  di-pentaborate,  cf  Table  1)  are  less  likely  to  be  present  in 


Table  3 

Superstructural  Units  in  Crystalline  Diborates 


Diborate 

B3O2 

BjO,] 

B4O9 

BsOg 

BO3 

BO4 

Li,Mg,Zn,Cd 

- 

- 

1-0 

- 

- 

- 

Na 

0-5* 

0-5 

- 

- 

- 

- 

K,Rb 

- 

- 

0-33 

0-33 

0-33 

- 

Ca 

0-33 

- 

0-33 

- 

- 

0-33 

Sr,Pb 

_ 

- 

- 

- 

- 

1-0** 

Ba 

- 

0-5 

- 

0-5 

- 

- 

*  Has  non-bridging  oxygen  atom  on  one  B'^’ 
**  Has  3-co-ordinated  O  atoms 
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the  vitreous  state,  in  line  with  Zachariasen’s  second  rule  [1]  which  effectively 
defines  the  connectivity  of  the  (super)structural  units. 

Many  crystalline  polymorphs  containing  superstructural  units  exist  as  two 
independent,  interpenetrating  networks  suggesting  that,  in  the  presence  of  sig¬ 
nificant  numbers  of  superstructural  units,  the  corresponding  glasses  are  lo¬ 
cally  similar,  in  order  to  achieve  a  sufficiently  high  borate  network  density.  As 
pointed  out  by  Krogh-Moe  [17],  the  bond  angles  and  superstructural  units  of 
a  single  borate  network  do  not  in  general  permit  efficient  atom  packing.  In¬ 
stead,  a  double  network  is  formed  so  as  to  avoid  a  very  open,  low  density 
structure.  Alternatively,  as  in  5K.19B  [18],  a  normal  borate  network  density 
can  be  obtained  by  the  incorporation  of  larger  numbers  of  independent  BO3 
triangles  and  BO4  tetrehedra. 

An  important  stereochemical  parameter  is  the  effective  radius  of  the  net¬ 
work  modifying  cations,  which  determines  the  size  of  the  cavities  in  the  bo¬ 
rate  network  in  which  these  ions  reside  and  hence  influences  the  borate 
network  density.  It  is  characteristic  of  borate  crystal  structures  that  the  co¬ 
ordination  number,  nM(0),  of  a  given  network  modifying  cation  varies  for  dif¬ 
ferent  crystalline  polymorphs  and  frequently  between  different  sites  in  the 
same  structure.  Similarly,  the  oxygen  polyhedra  surrounding  the  network 
modifying  cations  are  often  considerably  distorted,  with  a  wide  range  of  M- 
O  distances.  Krogh-Moe  [19]  ascribes  this  to  the  effect  of  the  rigid 
superstructural  units  and  hence  similar  distorted  network  modifying  cation 
polyhedra  will  exist  in  the  vitreous  state  with  considerable  variation  in  both 
distortion  and  co-ordination  number. 

The  repulsion  between  negatively  charged  BO4  tetrahedra  means  that 
Bt^LQ-B^"^^  bridges  not  within  a  superstructural  unit  are  energetically  unfavour¬ 
able.  Hence,  only  and  bridges  are  found  outside 

superstructural  units  in  the  crystalline  state  until  bridges  are  una¬ 

voidable,  which  occurs  at  Xm=0*3  if  there  are  also  none  within  superstructural 
units.  If  the  number  of  bridges  is  the  minimum  required  by  the 

stoichiometry,  the  average  co-ordination  number,  n4(4),  of  BO4  tetrahedra  around 
a  central  BO4  tetrahedron  in  the  range  0-3<Xm<0*5  is  given  by  [20] 

n4(4)  =  (lOXf^— 3)/xm  (2) 

and  it  is  interesting  to  note  that,  at  the  diborate  composition,  n4(4)=l,  which  is 
consistent  with  a  network  of  diborate  groups  linked  only  by  bridges. 

In  the  vitreous  state,  and  bridges  will  be  formed  together 

with  the  minimum  number  of  bridges  outside  superstructural  units 

necessary  to  attain  the  required  degrees  of  topological  freedom.  As  discussed 
elsewhere  [20],  the  variation  of  X4  with  composition  can  be  modelled  by 
assuming  that  bridges  are  not  present  in  the  vitreous  state.  When 

compared  to  NMR  data  for  the  Li20-B203  system,  this  model  does,  however, 
underestimate  X4  in  the  region  (0-35;^Xm:^0-55)  due  to  the  presence  of 
bridges  within  superstructural  units,  such  as  the  diborate  group. 
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5.  VITREOUS  BORON  OXIDE 

The  structure  of  vitreous  B2O3  is  the  subject  of  considerable  controversy  in 
the  literature,  with  regard  to  the  structural  role  played  by  the  B3O6  boroxol 
group  { Fig  1  (A)  of  ref  [  1 3] } ,  and,  as  may  be  seen  from  papers  elsewhere  in  this 
proceedings,  there  are  currently  two  main  models  of  the  structure  of  vitreous 
B2O3,  the  boroxol  ring  model,  where  the  fraction,  f,  of  boron  atoms  in  boroxol 
groups  is  ~0-8  [21],  and  the  BO3  triangle  model  with  f£0T  [22].  The  ambient 
pressure  crystalline  polymorph,  B203-I  [23],  does  not  contain  boroxol  groups, 
but  is  formed  from  planar  ribbons  of  BO3  triangles.  However,  there  are  a  number 
of  indications  that  the  structure  of  vitreous  B2O3  is  very  different  from  that  of 
B2O3-L  For  example,  the  density  of  B2O3-I  is  very  much  higher  (41%)  than  that 
of  the  glass  and,  in  addition,  a  crystal  of  B2O3-I  seeded  into  the  anhydrous 
supercooled  melt  does  not  grow,  even  over  a  period  of  several  months  [24], 
indicating  an  extremely  high  activation  energy  for  crystallisation.  Neither  of 
these  facts  is  explained  by  the  BO3  triangle  model  which,  in  addition,  fails  to 
predict  the  sharp  peak  at  3*6  A  in  the  real  space  correlation  function,  T(r). 
This  would  require  a  large  fraction  of  the  BO3  triangles  to  be  constrained  to  be 
approximately  coplanar  and  there  is  no  mechanism  for  this  in  the  vitreous 
state  in  the  absence  of  boroxol  groups.  Note  that,  with  inadequate  numbers  of 
boroxol  groups,  the  reverse  Monte  Carlo  technique  [22]  is  likely  to  constrain 
adjacent  BO3  triangles  to  be  coplanar  in  order  to  reproduce  the  sharpness  of 
this  peak,  although  the  resulting  structures  will  almost  certainly  be  unstable  to 
relaxation  with  a  realistic  potential  or  else  occupy  too  small  a  region  of  con¬ 
figuration  space  to  be  accessible  by  conventional  melt  quenching. 

Evidence  for  the  boroxol  ring  model,  vdiich  explains  both  the  anomalously  low 
density  of  vitreous  B2O3  and  the  extremely  high  activation  energy  for  crystallisa¬ 
tion  from  the  melt,  has  been  summarised  elsewhere  [21]  and  will  not  be  repeated 
here.  One  of  the  main  objections  to  the  boroxol  ring  model  has  been  that  it  is 
extremely  difficult  to  construct  a  random  network  model  with  a  sufficiently  high 
number  density,  p°.  However,  the  problem  with  all  of  the  random  network  models 
of  vitreous  B2O3  to  date  is  that  they  have  been  constructed  with  the  preconceived 
notion  that  the  structure  comprises  2i  single  network,  rather  than  locally  independ¬ 
ent  interpenetrating  networks  as  discussed  in  Section  4.  An  extremely  interesting 
question  is  why  there  are  no  crystalline  form  of  B2O3  containing  only  boroxol 
groups.  Clearly  crystallisation  from  the  melt  would  similarly  require  a  similar  sub¬ 
stantial  degree  of  boroxol  ring  breaking  and  network  rearrangement,  as  for  the 
formation  of  B2O3-I,  but  the  fascinating  possibility  exists  of  the  formation  of  such 
a  crystalline  polymorph  by  the  appropriate  chemical  synthesis. 

6.  MO-B2O3  SYSTEMS 

The  lack  of  single  phase  glass  formation  for  the  MO-B2O3  systems  at  low 
modifier  contents  is  extremely  interesting  and  may  be  connected  with  the  fact 
that  two  BO4  tetrahedra  are  required  in  close  proximity  to  balance  the  charge 
on  a  ion.  This  is  supported  by  the  lack  (Be)  or  very  small  range  (Mg)  of 


Proa  Second  Jnt.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


85 


glass  formation  for  the  smallest  modifying  cations.  Conversely,  glasses  are 
formed  at  the  lowest  modifier  contents  for  the  largest  and  most  easily  polar¬ 
ised  cations  (Ba  and  Pb),  the  lowest  of  all  being  for  Ba,  which  is  the  only 
system  for  which  a  crystalline  tetraborate  has  been  reported. 

The  situation  where  the  second  oxide  has  considerable  intermediate  charac¬ 
ter  and  can  behave  as  a  network  forming  oxide,  at  least  at  high  concentrations, 
is  more  complicated,  as  may  be  seen  from  the  crystal  structure  of  6Pb.5B  [25] 
(xj^  =  0-545),  which  has  the  largest  isolated  borate  anion  found  to  date,  con¬ 
sisting  of  two  diborate  groups  connected  together  by  a  chain  of  two  BO3  trian¬ 
gles.  This  includes  a  terminating  B^^^Lq  on  each  diborate  group,  but  examination 
of  the  Pb-0  bonding  reveals  the  presence  of  considerable  covalent  character. 
It  is  therefore  likely  that  similar  groupings  or  superstructural  units  also  occur 
in  lead  borate  glasses  and  are  responsible  for  the  survival  of  the  3-6  A 
superstructural  unit  peak  in  T(r)  to  high  PbO  contents  [26]. 

7.  CONCLUSIONS 

From  the  preceding  sections,  it  is  apparent  that  a  study  of  the  appropriate 
crystal  structures  can  yield  considerable  insight  into  the  structures  of  borate 
glasses,  provided  suitable  allowance  is  made  for  the  extra  degrees  of  network 
freedom  necessary  for  glass  formation.  However,  the  information  which  can 
be  inferred  is  limited  by  the  fact  that  many  crystalline  borate  polymorphs  ei¬ 
ther  have  unknown  structures  or  have  merely  been  established  to  be  isostructural 
with  another  compound,  without  detailed  structural  parameters  such  as  bond 
lengths  and  angles  being  determined.  Hence  there  is  a  great  need  for  further 
crystallographic  studies  of  borate  systems. 
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The  structure  of  B2O3  and  alkali  borate  glasses  has  been  investigated  using 
the  SAXS  technique.  The  radii  of  the  regions  of  structural  inhomogeneity 
observed  in  B2O3  in  the  equilibrium  state  are  predominantly  6-7  A.  A  change 
in  the  water  content  has  no  effect  on  the  structural  inhomogeneity,  which  de¬ 
pends  only  on  the  temperature.  After  rapid  changes  of  temperature,  this  struc¬ 
ture  develops  independently  of  the  changes  in  the  thermal  density  fluctuations. 
The  development  of  the  structural  inhomogeneity  that  proceeds  after  abrupt 
increases  in  temperature  is  primarily  associated  with  the  formation  of  regions 
of  inhomogeneity  with  radii  as  large  as  30-35  A.  An  abrupt  decrease  in  tem¬ 
perature  leads  to  the  appearance  of  regularity  in  the  distribution  of  the  re¬ 
gions  of  structural  inhomogeneity.  The  inhomogeneity  regions  in  low  alkali 
borate  glasses  are  chain  branched  clusters.  A  certain  regularity  in  the  distribu¬ 
tion  of  the  chemical  inhomogeneity  regions  is  revealed  at  low  temperatures. 
The  degree  of  regularity  increases  with  decreasing  temperature  and  becomes 
a  maximum  at  a  temperature  close  to  the  temperature  of  the  transition  to  a 
disordered  solid  state,  Ts.  After  abrupt  changes  in  temperature,  the  develop¬ 
ment  of  structural  inhomogeneity  brings  about  a  change  in  the  distribution 
of  chemical  inhomogeneity.  The  redistribution  of  the  inhomogeneity  regions 
throughout  the  bulk  of  the  glass  proceeds  further  even  if  the  structure  of  the 
matrix  attains  its  equilibrium  state.  Therefore,  the  structural  relaxation  in  al¬ 
kali  borate  glasses  involves  changes  in  the  short  and  medium  range  order,  due 
to  thermal  density  fluctuations  and  the  development  of  structural  inhomoge¬ 
neity,  and  also  the  redistribution  of  regions  of  chemical  inhomogeneity. 


1.  INTRODUCTION 

The  small  angle  X-ray  scattering  (SAXS)  technique  has  been  used  previously 
to  study  the  structure  of  B2O3  and  alkali  borate  glasses  [1,2].  It  was  further  used 
to  investigate  the  temperature  and  concentration  dependences  of  the  SAXS 
intensity  for  B2O3  and  alkali  borate  melts  [3]  and  the  kinetics  of  structural 
relaxation  in  B2O3  over  a  wide  range  of  temperatures  below  the  glass  transition 
temperature  (Tg)  [4].  It  was  found,  on  the  basis  of  the  SAXS  data,  that  a  metastable 
phase  separation  region  exists  in  the  lithium  borate  system  and  that  there  are  no 
phase  separation  regions  in  the  other  alkali  borate  systems  [5], 

Two  types  of  inhomogeneity  can  be  considered.  In  one-component  liquids 
and  glasses  the  inhomogeneities  responsible  for  small  angle  x-ray  scattering 
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are  mainly  caused  by  thermal  density  fluctuations.  Such  objects  can  be  re¬ 
garded  as  homogeneous. 

The  term  microheterogeneous  structure  indicates  the  presence  of  regions  of 
inhomogeneity,  RI,  i.e.  the  occurrence  of  regions  whose  electron  density  dif¬ 
fers  from  the  mean  electron  density  of  the  surrounding  matrix.  This  difference 
in  the  electron  density  may  be  due  to  changes  in  the  short  range  order  struc¬ 
ture  and,  it  so,  is  denoted  structural  inhomogeneity.  Chemical  inhomogeneity 
arises  due  to  the  appearance  of  RI  whose  composition  differs  from  that  of  the 
surrounding  matrix. 

It  seems  reasonable  to  assume  that  inhomogeneities  in  (single-component) 
vitreous  B2O3  have  to  arise  only  from  thermal  density  fluctuations.  Neverthe¬ 
less,  the  presence  of  RI  was  observed  for  B2O3,  both  in  the  vitreous  state  and  in 
the  metastable  equilibrium  supercooled  liquid  state. 

It  was  shown  [2,3]  that  there  is  a  temperature  (temperature  range)  at  which 
structural  inhomogeneity  disappears  and  a  sample  can  be  considered  as  ho¬ 
mogeneous,  i.e.  the  sample  does  not  contain  RI.  At  this  temperature,  a  super¬ 
cooled  liquid  transforms  into  a  new  state:  a  noncrystalline  solid.  Hence,  in 
what  follows,  this  temperature  will  be  designated  as  T^.  Abrupt  changes  in  tem¬ 
peratures  give  rise  to  the  transitional  structural  states  and,  primarily,  the  struc¬ 
tural  inhomogeneity  undergoes  substantial  changes. 

A  clearly  expressed  microheterogeneous  structure  was  revealed  in  studies  of 
glasses  and  melts  in  all  alkali  borate  systems  [3].  The  radii  of  the  RI  in  these 
materials  were  equal  to  10-15  A.  The  sizes  of  the  RI  decreased  with  increasing 
content  of  the  alkali  metal  oxide  and  in  passing  from  the  sodium  borate  to  the 
cesium  borate  system.  The  RI  are  regions  with  a  higher  content  of  alkali  ions. 
The  concentration  of  alkali  metal  oxide  at  which  the  degree  of  inhomogeneity 
reached  a  maximum  also  decreased  in  passing  from  the  lithium  borate  to  the 
cesium  borate  system  (from  4-5%  Na2  O  for  the  sodium  borate  system  to  2% 
CS2O  for  the  cesium  borate  system).  It  should  be  noted  that,  in  single  phase 
lithium  borate  glasses,  containing  up  to  10  mol%  Li20,  the  development  of 
supercritical  fluctuations  proceeded  independently  of  the  changes  in  the  chemi¬ 
cal  inhomogeneity  inherent  to  glasses  of  all  of  the  alkali  borate  systems. 

This  paper  reports  some  of  the  new  results  obtained  in  a  SAXS  study  of  the 
structure  of  and  structural  relaxation  processes  in  both  B2O3  and  alkali  borate 
glasses. 

2.  THEORY  AND  EXPERIMENTAL  MEASUREMENTS. 

The  SAXS  intensity,  Isaxs?  for  single  component  homogeneous  liquids,  L,  is 
due  to  the  inhomogeneity  related  to  their  thermal  density  fluctuations  (TDF) 
at  scattering  angles  close  to  zero 

Ip(0)=p^kTxTV  (1) 

where  p  is  the  mean  electron  density,  k  is  Boltzmann’s  constant,  Xt  is  the 
isothermal  compressibility,  T  is  the  absolute  temperature  and  V  is  the  volume. 
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This  intensity  is  independent  of  the  scattering  angle.  Usually,  however,  due  to 
the  influence  of  large  angle  X-ray  scattering,  an  increase  in  Ip  is  observed  with 
increasing  scattering  angle 

Ip=Ip(0)exp(Ks')  (2) 

where  s=(47tsin(p/2)/A.,  (p  is  the  scattering  angle,  X  is  the  wavelength  of  the  X- 
radiation  and  K  is  a  constant  which,  in  the  case  of  molecular  liquids,  depends 
on  the  molecular  volume  [6]. 

Molecular  liquids  can  be  regarded  as  ultimately  homogeneous  media.  For 
all  one-component  molecular  liquids  so  far  investigated,  Eq.  (2)  holds  at  all 
attainable  scattering  angles.  Hence,  satisfying  Eq.  (2)  can  be  regarded  as  a  cri¬ 
terion  for  the  homogeneity  of  the  sample. 

In  the  presence  of  RI  of  nanometre  size,  a  characteristic  scattering  occurs 
whose  intensity,  Irj,  may  be  represented  by 

Iri  =  Iri(O)  exp(-s^RgV3)  (sRg«l)  (3) 

and 

Iri=27c(Pi-P2)S/s^  (sRg»l)  (4) 

where  pj  andp2  are  the  electron  densities  of  the  RI  and  the  surrounding  matrix, 
S  is  the  interfacial  surface  and  Rg  is  the  radius  of  gyration  of  the  RI. 

It  should  be  noted  that,  in  the  case  of  scattering  by  a  fractal  structure,  a 
range  of  scattering  angles  has  to  exist  at  which  the  Isaxs  can  be  represented  by 

l(s)  -  s-  (5) 

In  the  general  case,  n  depends  on  the  type  of  fractal  structure.  For  scattering 
by  chain  branched  structures,  n=2  [7]. 

Given  a  certain  regularity  in  the  distribution  of  the  RI  throughout  the  bulk 
of  a  sample,  the  SAXS  curve  exhibits  a  maximum  associated  with  interference 
effects.  The  location  of  this  maximum  provides  a  way  of  determining  the  spac¬ 
ing  (mean  or  repetitive)  between  the  centers  of  the  RI. 

The  mean  square  value  of  the  electron  density  difference,  <(Ap)^>,  can  be 
determined  from  The  value  of  <(Ap)^>  is  the  most  general  characteristic 
of  the  degree  of  inhomogeneity.  In  the  case  of  a  two-phase  sample 

<(Ap)^>=(Pi-p2)^WiW2  (6) 

where  W i  and  W2  are  the  respective  volumes  of  the  phases. 

The  glass  and  melt  structures  were  investigated,  using  a  SAXS  instrument 
with  a  high  temperature  attachment  [8],  at  temperatures  up  to  1200°C.  Cu  K^,- 
radiation  was  used  and  Ig^xs  was  measured  at  scattering  angles  from  6  to  550’. 
Note  that,  from  the  known  temperature  dependence  of  I^^xs  for  a  sample  in  an 
equilibrium  state,  it  is  very  easy  to  determine  the  Active  temperature,  Tf,  and 
glass  transition  temperature,  Tg,  or  the  standard  Tg,  T|^  [9].  Since  the  influence 
of  water  content  on  the  Tg  of  B2O3  has  been  well  studied  [10],  the  water  con¬ 
tent  in  a  B2O3  sample  can  be  checked  from  the  measured  Tg. 
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Fig.l.  Temperature  dependences  of  the  SAXS  due  to  structural  inhomogeneity,  Iri(O),  for 
B2O3  in  the  equilibrium  state  at  different  water  contents.  Content  of  H2O  in  mol%:(l),  1;  (2), 
0-5  and  (3),  0.  The  lines  are  drawn  as  a  guide  to  the  eye  and  the  errors  are  within  the  size  of 

the  data  points. 


3.  RESULTS 

3.1.  The  Structure  of  B2O3 

The  glasses  were  synthesized  by  melting  boric  acid  in  a  platinum  crucible. 
Within  the  limits  of  the  experimental  errors  in  the  I^axs  measurements,  the 
impurities  contained  in  the  reagent  did  not  affect  the  magnitude  and  angular 
dependence  of  the  Isaxs-  The  water  content  of  the  vitreous  B2O3  was  controlled 
by  changes  in  the  synthesis  conditions.  The  sample  was  prepared  from  the 
melt,  which  was  allowed  to  stand  under  atmospheric  conditions  at  1000°C  for 
0-5  h  and  further  heat-treated  at  1250°C  for  3  h,  and  also  from  the  same  melt 
held  under  vacuum  at  1000°C  for  1  h.  It  was  shown  [9]  that  a  change  in  the 
water  content  does  not  affect  the  angular  dependence  of  Isaxs-  Therefore,  it 
can  be  concluded  that  the  presence  of  water  does  not  affect  the  structural 
inhomogeneity  of  B2O3. 

The  temperature  dependence  of  the  SAXS  due  to  regions  of  structural  in¬ 
homogeneity,  Iri(O),  for  samples  with  different  water  contents  are  shown  in 
Fig.  1 .  All  of  the  curves  exhibit  a  sharp  decrease  in  Iri(O)  in  the  range  T,±  10°C, 
which  is  associated  with  the  disappearance  of  these  regions.  It  is  evident  from 
Fig.  1  that,  at  high  temperatures  (above  ~275°C),  Iri(O)  is  independent  of  the 
water  content  and  depends  only  on  temperature. 

The  sizes  of  the  RI  (radii  obtained  from  Eq.  3  on  the  assumption  that  the 
regions  have  a  spherical  shape  and  constant  electron  density)  depend  weakly 
on  temperature  and  increase  from  6  A  at  300°C  to  7  A  at  400°C.  As  noted 
above,  sharp  increases  or  decreases  of  temperature  give  rise  to  transitional 
states  of  the  structure. 

Figure  2  shows  the  SAXS  curves  for  a  B2O3  sample  heat-treated  for  different 
times  at  270°C,  after  abruptly  increasing  the  temperature  from  245  to  270°C. 
As  may  be  seen,  when  the  temperature  was  abruptly  raised,  the  Isaxs  in  the 
small  angle  region  increased  to  values  exceeding  the  equilibrium  value  and 
then  decreased  back  to  it. 
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Fig.  2.  Angular  dependence  of  the  SAXS  intensity  for  a  B2O3  sample  in  the  equilibrium  state 
at  (1)  245  and  (6)  270°C  and  following  different  times  of  heat  treatment  at  270°C  after 
abrupt  heating  from  245  to  270°C.  Time  of  heat  treatment  at  270°C:  (2),  10;  (3),  20;  (4),  40; 
(5),  80  and  (6),  180  min.  The  lines  are  drawn  as  a  guide  to  the  eye  and  the  errors  are  within 

the  size  of  the  data  points. 

It  can  be  concluded  from  the  angular  dendence  of  the  SAXS  that  the  size  of 
the  RI  in  the  B2O3  sample  in  the  transitional  state  increases  with  development 
of  structural  inhomogeneity.  The  maximum  size  of  the  RI  under  these  heat 
treatment  conditions  is  equal  to  30-35  A.  Thus,  the  regions  with  sizes  (radii) 
from  6  to  30-35  A  exist  in  the  samples  passing  through  the  transition  state. 

After  a  sharp  decrease  in  temperature,  the  SAXS  intensity  in  the  small  scat¬ 
tering  angle  region  decreases  to  lower  than  the  equilibrium  value  and  a  maxi¬ 
mum  appears  in  the  SAXS  curve  [2].  The  angular  dependence  of  Isaxs  from 


Fig.  3.  Dependence  of  Inhaxs  on  for  B2O3:  (1), Equilibrium  state  at  220°C;  (2-5),  A  sample  cooled 
from  350°C  at  10  K/min  and  then  heat  treated  at  200°C  for  17, 40, 70  and  170  h,  respectively.  The 
lines  are  drawn  as  a  guide  to  the  eye  and  the  errors  are  within  the  size  of  the  data  points. 
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B2O3,  heat-treated  for  different  times  at  T<Ts,  are  shown  in  Fig.  3.  These  changes 
in  the  angular  dependence  of  Isaxs  result  from  interference  effects  caused  by 
the  appearance  of  regularity  in  the  electron  density.  The  mean  distance  be¬ 
tween  the  centers  of  the  regions,  determined  from  the  position  of  the  maxi¬ 
mum  in  the  SAXS  curve,  is  equal  to  15-20  A.  It  is  seen  from  Fig.  3  that,  with 
increasing  heat  treatment  time,  the  interference  effects  decrease  and,  in  the 
final  stage,  Isaxs  corresponds  to  scattering  by  TDF  only.  At  temperatures  above 
Ts,  an  increase  in  the  heating  time  leads  to  the  decay  of  the  regular  structure. 
\\^en  the  equilibrium  structural  state  is  attained,  it  can  be  concluded  from  the 
angular  dependence  of  Isaxs  that  the  RI  are  distributed  randomly  throughout 
the  sample  volume. 

3,2.  Alkali  Borate  Glasses 

Figure  4  shows  graphs  of  loglRj  vs  s  for  samples  of  sodium  borate  glasses 
containing  TO  and  4*0  mol%  Na20  (curves  1  and  2,  respectively)  and  for 
rubidium  and  cesium  borate  glasses  containing  1  -0  mol%  Rb20  or  CS2O  (curves 
3  and  4,  respectively).  The  precision  measurements  of  Isaxs  enable  a  linear 
portion  to  be  obtained  with  a  slope  equal  to  -1  (taking  into  account  the 
collimation  conditions,  this  slope  corresponds  to  a  value  of  n  in  Eq.  (5)  equal 
to  2)  in  the  curve  of  logiRi  vs  logs  at  scattering  angles  of  100-200’.  Similar 
linear  portions  are  clearly  seen  in  the  angular  dependence  of  Iri  for  glasses  in 
all  of  the  alkali  borate  systems,  when  the  concentration  of  alkali  metal  oxides 
are  below  the  concentrations  at  which  the  degree  of  inhomogeneity  reaches  a 
maximum.  The  presence  of  these  portions  in  the  SAXS  curves  can  be  considered 
fairly  reliable  evidence  for  a  fractal  structure. 

At  higher  concentrations,  similar  linear  portions  are  less  pronounced.  How- 


rig.4.  Graphs  of  log  Iri  vs  logs  for  alkali  borate  glass  samples.  Content  of  alkali  oxide:  (1), 
1-5  mol%  Na20;  (2),  4-0  mol%  NasO;  (3),  1*0  mol%  RbiO  and  (4),  1-0  mol%  CsjO.  The  lines 
are  drawn  as  a  guide  to  the  eye  and  the  errors  are  within  the  size  of  the  data  points. 
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Fig.5.  Angular  dependence  of  Isaxs  for  a  sodium  borate  glass,  containing  8-0  mol%  Na20,  in 
the  equilibrium  state  at  different  temperatures.  Temperature  T:  (1),  320;  (2),  350;  (3),  400  and 
(4),  460° C.  The  lines  are  drawn  as  a  guide  to  the  eye  and  the  errors  are  within  the  size  of  the 

data  points. 

ever,  as  shown  below,  this  is  mainly  associated  with  a  new  specific  behaviour  of 
the  structure  rather  than  with  a  change  in  its  nature. 

As  mentioned  above,  chemical  inhomogeneity  was  observed  at  temperatures 
up  to  1200°C.  In  the  case  of  low-alkali  sodium  borate  glasses  (containing  up 
to  4-5  mol%  Na20),  structural  rearrangements  of  the  chemical  inhomogeneity 
cease  in  the  temperature  range  420-450°C.  At  higher  concentrations  of  alkali 
metal  oxide,  a  specific  behaviour  of  the  chemically  inhomogeneous  structure 
was  observed  at  temperatures  lower  than  Tg. 

The  SAXS  curves  for  a  sample  of  sodium  borate  glass,  containing  8*0  mol% 
Na20,  in  the  equilibrium  state  at  different  temperatures  are  displayed  in  Fig.  5. 
Tg  for  this  sample  is  equal  to  350°C.  A  clearly  defined  maximum  is  observed  at 
320°C.  At  350°C,  the  SAXS  curve  shows  a  substantial  portion  in  the  small 
angle  range,  in  which  Isaxs  is  almost  independent  of  the  scattering  angle.  This 
portion  is  the  result  of  interference  effects  -  a  decrease  in  Isaxs?  caused  by  the 
RI,  is  compensated  for  by  an  increase  due  to  interference  effects  It  should  be 
noted  that  the  sizes  of  the  RI  determined  from  the  slope  of  the  logl^i  vs  s^ 
plot,  will  depend  on  the  magnitude  of  the  interference  effects  and,  in  the  gen¬ 
eral  case,  the  role  of  interference  phenomena  cannot  be  elucidated  solely  from 
SAXS  data.  At  temperatures  lower  than  T^  a  regularity  in  the  distribution  of 
the  regions  of  chemical  inhomogeneity  was  observed  for  glasses  in  all  of  the 
alkali  borate  systems,  when  the  concentration  of  the  alkali  oxide  was  above 
the  concentrations  at  which  the  degree  of  inhomogeneity  reaches  a  maximum. 

The  development  of  structural  inhomogeneity  in  alkali  borate  glasses  was 
investigated  after  a  sharp  increase  in  the  temperature  of  a  sample  initially  in 
an  equilibrium  state.  In  all  cases,  the  temperature  jump  was  equal  to  50°C.  The 
stabilization  temperatures  were  chosen  close  to  Tg  while  the  observation  tem- 
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rig.6.  The  dependence  of  1(20)  on  the  duration  of  heat  treating  after  a  sharp  increase  in 
temperature  for  (1)  B2O3  and  for  sodium  borate  glasses  containing  (2),  1*5;  (3),  4-0;  (4),  6-0 
and  (5),  8-0  mol%  Na20,  respectively.  The  lines  are  drawn  as  a  guide  to  the  eye  and  the  errors 
are  within  the  size  of  the  data  points. 

peratures  were  around  Tg.  Figure  6  shows  the  dependence  of  Isaxs  at  a  scatter¬ 
ing  angle  of  20’,  1(20),  on  the  heat  treatment  time  for  samples  of  sodium  bo¬ 
rate  glass,  containing  1-5,  4-0,  6-0  and  8*0  mol%  Na20  (curves  2-5),  after  an 
increase  in  temperature  at  a  rate  of  120°C/min.  The  curve  obtained  for  a  pure 
B2O3  sample  under  the  same  conditions  (curve  1)  is  shown  for  comparison. 

As  in  the  case  of  B2O3,  the  increase  in  temperature  initially  causes  Isaxs  for 
sodium  borate  glasses  to  increase,  to  a  point  where  its  value  exceeds  that  in  the 
equilibrium  state  at  a  given  temperature,  and  then,  to  decrease.  It  can  be  seen 
from  Fig.  6  that,  in  general,  the  dependence  of  1(20)  on  the  heat  treatment 
time  is  similar  to  that  observed  for  B2O3.  Therefore,  it  can  be  concluded  that 
the  increase  in  Isaxs.  on  raising  the  sample  temperature,  is  due  to  the  appear¬ 
ance  of  new  inhomogeneities;  i.e.  to  the  development  of  structural  inhomoge¬ 
neity.  However,  the  difference  between  1(20)  at  the  maximum  degree  of  structural 
inhomogeneity  and  for  the  structure  in  the  equilibrium  state  at  given  tempera¬ 
ture,  Alniax.  depends  on  the  Na20  content.  This  indicates  that  the  structure 
arising  from  the  chemical  inhomogeneity  exibits  changes  in  the  transition  state. 


4.  DISCUSSION 

As  mentioned  above,  the  presence  of  water  or  other  impurities  does  not 
affect  the  structural  inhomogeneity  in  B2O3.  At  present,  the  nature  of  this 
structure  is  not  completely  clear.  It  is  possible  that  the  RI  observed  by  means 
of  SAXS  are  '‘hot  spots”,  the  existence  of  which  was  assumed  in  Ref  [14].  An 
increase  in  the  SAXS  intensity  and,  correspondingly,  in  the  light  scattering 
intensity,  is  caused  by  the  formation  of  larger-sized  inhomogeneities.  It  should 
be  noted  that  large-sized  regions  can  be  formed  in  small  amounts.  Unfortunately, 
it  is  not  possible  to  estimate  independently  the  number  of  RI  and  their  electron 
density.  In  Ref  [15],  an  explanation  is  suggested  for  the  increase  in  the  scattering 
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Fig.7.  Angular  dependence  of  I^axs  at  350°C  for  (1)  B2O3  and  for  alkali  borate  glasses 
containing  (2)  4-0  mol%  Na20,  (3)  1-0  mol%  Rb20,  and  (4)  1-0  mol%  CssO  and  the 
calculated  SAXS  curves  for  a  statistically  random  distribution  of  the  alkali  ions  in  glasses 
with  (5)  4-0  mol%  Na20  and  (6)  1-0  mol%  CS2O.  The  lines  are  drawn  as  a  guide  to  the  eye 
and  the  errors  are  within  the  size  of  the  data  points. 

intensity  after  an  increase  of  temperature.  However,  as  it  follows  from  Ref  [2] 
these  regions  cannot  be  interpreted  as  purely  fluctuation  regions,  as  they  were 
in  Ref  [15]. 

An  important  characteristic  of  the  chemical  inhomogeneity  is  the  ratio  of 
the  number  of  ions  distributed  in  the  matrix  to  those  incorporated  into  the  RI. 
From  the  value  of  <(Ap)^>,  it  was  found  that  the  RI  in  sodium  borate  glasses 
contain  not  less  than  25%  Na20  [3].  However,  it  is  possible  to  specify  quite 
reasonable  values  for  the  electron  densities  of  the  matrix  and  RI  for  which  the 
experimental  <(Ap)^>  values  will  coincide  with  those  calculated  assuming  that 
all  of  the  sodium  oxide  introduced  into  the  glass  is  contained  in  the  RI. 

Figure  7  shows  the  angular  dependence  of  Isaxs  for  sodium  (curve  5)  and 
cesium  (curve  6)  borate  glasses  containing  4  mol%  Na20  and  1  mol%  CS2O, 
respectively.  These  curves  are  calculated  assuming  a  statistically  random  dis¬ 
tribution  of  the  alkali  ions  in  the  bulk  of  the  glass  at  a  temperature  of  350°C. 
In  the  case  of  the  cesium  borate  glass,  the  cesium  ion  was  considered  a  scatter¬ 
ing  center.  Based  on  the  Krogh-Moe  model  [11]  and  on  thermodynamic  data 
[12],  it  can  be  assumed  that,  in  range  of  Na20  concentration  investigated,  the 
main  structural  elements  in  the  glasses  are  tetraborate  groups  and  boroxol  rings. 
The  sodium  tetraborate  structural  grouping  was  regarded  as  the  scattering 
center.  Figure  7  also  displays  the  measured  SAXS  curves  for  sodium  borate 
glass  containing  4  mol%  Na20  (curve  2),  rubidium  borate  glass  with  1  mol% 
Rb20  (curve  3),  cesium  borate  glass  with  1  mol%  CS2O  (curve  4)  and  B2O3 
(curve  1),  at  a  sample  temperature  of  350°C.  It  can  be  seen  from  Fig.  7  that  the 
SAXS  intensity  for  cesium  borate  glass  at  s=0- 5-0*7  is  greater  than  that  for 
the  B2O3  sample  but  less  than  the  SAXS  intensity  calculated  assuming  a  statis¬ 
tically  random  distribution  of  cesium  ions.  However,  the  SAXS  intensity  for 
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the  sodium  borate  glass  at  the  same  scattering  angle  is  found  to  be  less  than 
that  for  the  B2O3  sample  whereas,  assuming  a  statistically  random  distribution 
of  tetraborate  groupings,  the  SAXS  intensity  should  exceed  Isaxs  for  the  B2O3 
sample  by  0*36  e.u./Al  The  experimental  errors  in  measurements  of  Isaxs  did 
not  exceed  0-01-0‘02  e.u./A^  Therefore,  it  can  be  concluded  that  randomly 
distributed  tetraborate  groups  are  virtually  absent  in  sodium  borate  glasses 
and,  thus,  all  structural  groupings  form  chain  structures. 

Using  sodium  borate  glasses  as  an  example,  the  pattern  of  structural  changes 
occurring  with  increasing  alkali  oxide  content  or  with  temperature  can  be  traced. 
In  glasses  containing  as  little  as  3-4  mol%  Na20,  individual  clusters  consisting 
of  branched  chains  are  distributed  randomly  throughout  the  B2O3  matrix.  A 
change  in  the  Na20  contents  causes  the  number  of  these  clusters  to  change. 
The  formation  of  a  continuous  cluster  is  observed  at  a  content  of  4-5  mol% 
Na20.  A  further  increase  in  the  Na20  content  brings  about  an  increase  in  the 
degree  of  branching.  In  glasses  with  about  10-12  mol%  Na20,  the  state  is  at¬ 
tained  where  essentially  all  of  the  BO3/2  triangles  are  involved  in  the  coordina¬ 
tion  of  alkali  ions  and  the  glass  structure  can  be  treated  as  being  composed  of 
identical  structural  elements.  Beginning  at  this  concentration  of  Na20,  the 
glasses  can  be  considered  as  homogeneous  [2,3]. 

In  molten  glasses  containing  up  to  4-5  mol%  Na20,  there  are  individual 
chains  or  small-sized  clusters.  As  the  temperature  decreases,  these  groupings 
are  joined  into  larger  clusters,  which  leads  to  an  increase  in  the  size  of  the  RI 
detectable  by  the  SAXS  technique.  This  process  ceases  at  420-450°C  and,  at 
lower  temperatures,  the  structure  remains  virtually  unaltered. 

At  low  temperatures,  glasses  containing  more  than  4-5  mol%  Na20  exhibit 
a  regular  structure.  The  structural  regularity  can  be  attributed  to  the  stresses 
arising  in  transition  layers  due  to  the  “coherent”  conjugation  of  the  structural 
elements  of  the  chemical  inhomogeneities  and  the  matrix,  i.e.  without  break¬ 
ing  B-O  bonds.  In  the  case  of  closely  spaced  inhomogeneities  (chains),  the 
stresses  are  superimposed  and  cause  the  elastic  strain  energy  to  increase.  It  can 
be  assumed  that  the  additional  energy  related  to  these  stresses  reaches  a  mini¬ 
mum  when  the  RI  are  about  equally  spaced. 

As  mentioned  above,  the  chemical  inhomogeneity  exibits  changes  in  the  tran¬ 
sitional  state.  It  was  observed  in  Ref  [13]  that,  in  the  case  of  transitional  states 
arising  after  a  decrease  in  temperature,  the  relaxation  time  for  the  chemical 
inhomogeneities  was  more  than  an  order  of  magnitude  longer  than  that  for 
the  TDF  of  the  matrix.  This  means  that,  in  two-component  glasses,  the  struc¬ 
tural  relaxation  of  the  chemical  inhomogeneity  proceeds  even  if  the  TDF  have 
achieved  their  equilibrium  state. 

5.  CONCLUSION 

The  radii  of  the  regions  of  structural  inhomogeneity  observed  in  B2O3  in  the 
equilibrium  state  are  predominantly  6-7  A.  The  development  of  structural 
inhomogeneity  in  the  transitional  states  following  a  sharp  increase  in  temperature 
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is  primarily  related  to  the  appearance  of  RI  with  radii  as  large  as  30-35  A. 

The  chemical  inhomogeneity  in  low  alkali  borate  glasses  exhibits  a  fractal 
nature.  A  certain  regularity  in  the  distribution  of  the  chemical  inhomogenei¬ 
ties  is  revealed  at  temperatures  lower  than  Tg.  The  degree  of  regularity  in¬ 
creases  with  decreasing  in  temperature  and  becomes  maximum  at  temperatures 
close  to  T,.  After  sharp  changes  in  temperature,  the  development  of  structural 
inhomogeneity  brings  about  changes  in  the  distribution  of  chemical  inhomo¬ 
geneities.  The  redistribution  of  RI  throughout  the  bulk  of  a  glass  continues, 
even  if  the  structure  of  the  matrix  attains  its  equilibrium  state.  Therefore,  struc¬ 
tural  relaxation  in  alkali  borate  glasses  involves  changes  in  the  short  and  me¬ 
dium  range  order  due  to  thermal  density  fluctuations  and  the  development  of 
structural  inhomogeneity  and  also  the  redistribution  processes  occuring  in  the 
regions  of  chemical  inhomogeneity. 
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XAFS  studies  of  network  modifying  cations  in  alkali  borate  glasses  have  made 
an  important  contribution  to  our  understanding  of  the  structure  of  glass. 
Using  a  laboratory  XAFS  facility,  the  local  structure  in  K2O-B2O3  glasses  has 
been  determined  in  order  to  the  elucidate  the  environment  of  network  modi¬ 
fying  ions.  The  average  coordination  number,  Nk-o,  of  oxygen  around 
cations  and  the  mean  distance,  rK-o,  for  K-0  correlations  are  found  to  be 
approximately  6  and  2-83-2-86  A,  respectively.  The  XAFS  results  are  in  good 
agreement  with  X-ray  diffraction  and  MD  simulation  results. 


1.  INTRODUCTION 

The  structures  of  alkali  borate  glasses  have  been  extensively  studied  by  X- 
ray/neutron  diffraction  [1-4],  NMR  [5]  and  Raman  [6]  measurements.  In  bo¬ 
rate  glasses,  modifying  cations,  such  as  alkali  ions,  break  the  B-O  network 
structure.  Unfortunately,  the  detailed  features  of  the  local  structural  environ¬ 
ments  of  the  modifying  cations,  such  alkali  ions,  are  still  unknown. 

X-ray  absorption  fine  structure  (XAFS)  spectroscopy  has  been  used  exten¬ 
sively  as  an  aid  to  understanding  local  coordination  characteristics,  and  the 
pair  correlation  functions  for  specific  elements  can  be  obtained.  However,  XAFS 
experiments  in  the  soft  X-ray  domain  (700-4000  eV),  for  elements  such  as  po¬ 
tassium  (K-edge:  3607  eV),  appear  less  developed  than  those  in  the  hard  X-ray 
or  VW  regions:  the  reasons  for  this  may  lie  in  some  intrinsic  experimental 
difficulties,  such  as  the  few  available  monochromators,  difficulties  in  sample 
preparation  and  weak  theoretical  background,  etc. 
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In  the  present  study,  the  structural  features  of  the  potassium  coordination 
environments  in  K2O-B2O3  glasses  are  discussed,  mainly  based  on  experiments 
at  the  potassium  K-edge  using  a  laboratory  XAFS  facility  Furthermore,  the  B- 
O  network  structure  of  K2O-B2O3  glasses  is  analysed  by  X-ray  diffraction, 
molecular  dynamics  (MD)  simulation  and  Raman  spectroscopy. 

2.  EXPERIMENTAL 

2.1  Sample  Preparation 

The  samples  studied  in  this  work  were  as  follows;  K2O.2B2O3,  K2O.4B2O3, 
K2O.3B2O3,  K2O.5B2O3  and  B2O3  glasses.  They  were  prepared  from  analytical 
reagent  grade  powders  of  H3BO3  and  K2CO3.  About  5-10  g  batches  were  mixed 
and  then  melted  at  the  temperatures  about  above  100°C  above  their  melting 
points.  The  melts  were  cooled  to  room  temperature  to  obtain  the  glass  samples. 

2.2  XAFS  Measurement 

Transmission  experiments  were  performed  at  the  potassium  AT-edge  (3607 
eV)  of  the  above-mentioned  sample  films  using  a  Technos  EXAC800  labora¬ 
tory  XAFS  facility,  which  consists  of  a  rotating  anode  X-ray  generator  with  a 
thin  Be  window  (25  pm),  curved-crystal  monochromator  and  Si(Li)  solid  sate 
detector  (SSD).  In  the  present  study,  a  copper  rotating-anode  was  employed  as 
the  X-ray  source,  which  was  operated  at  12*5  kV  and  70  mA.  A  Johan-type 
LiF(200)  (2d=4-026  A)  monochromator  was  used  for  the  K  X-edge  measure¬ 
ment.  Due  to  the  soft  nature  of  the  K-X  X-rays,  a  conventional  vacuum  sys¬ 
tem  was  used,  the  vacuum  being  maintained  inside  the  X-ray  path  during  XAFS 
measurement  by  means  of  a  thin  beryllium  window  (25  pm)  at  the  front  of  the 
rotating  anode  X-ray  generator. 

The  EXAFS  data  obtained  were  analyzed  using  the  standard  procedure,  which 
has  been  described  in  detail  in  a  previous  paper  [7].  Theoretical  phase  and  ampli¬ 
tude  functions  of  Rehr  et  al  [8]  were  employed  for  the  k^%(k)  fitting  procedure. 

2.3  X-ray  Diffraction 

The  scattered  intensities  were  measured  with  a  Rigaku  RINT-TTR  X-ray 
diffractometer  having  0/0  type  reflection  geometry  and  a  Ge  detector  (Can¬ 
berra  GL0210R).  Mo  Ka  radiation  was  used  with  a  continuous  output  of  60 
kV  and  300  mA.  Measurements  were  made  using  a  step-scanning  technique, 
with  a  fixed  time  of  10  s  at  every  A0=O-25°  in  the  range  3°-15°  and  60  s  in  the 
range  13°-60°,  covering  the  range  from  0-925  to  15-31  A"^  in  Q=47isin0/A-.  De¬ 
tails  of  the  X-ray  data  treatment  are  given  elsewhere  [9]. 

2.4  MD  Simulation 

Molecular  dynamics  (MD)  simulations  have  been  carried  out  on  pure  B2O3, 
K2O.4B2O3  and  K2O.2B2O3  glasses  at  298  K,  in  order  to  investigate  the  detailed 
three-dimensional  configuration  of  the  atoms  in  these  glasses.  The  MD  calcu¬ 
lations  were  performed  in  a  way  similar  to  that  described  previously  by  one  of 
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Table  1 

Interatomic  Potential  Parameters 


Ion 

w 

z 

a  (A) 

b(A) 

c  (kJ^^^A^mol 

K 

39-10 

+1 

1-595 

0-080 

30-0 

B 

10-81 

+3 

0-720 

0-080 

- 

0 

16-00 

-2 

1-626 

0-085 

20-0 

the  authors  [4], 

In  this  study,  the  pair  potential  functions  are  assumed  to  consist  of  simpli¬ 
fied  Coulombic,  repulsive  and  Van  der  Waals  attraction  terms: 


h+b 


J  J 


(1) 


where  Zj  is  the  formal  charge  number  of  ion  i  (e.g.  +3  for  the  ion),  e  is  the 
electronic  charge,  r^  is  the  distance  between  ions  i  and  j,  fp  is  a  force  constant, 
arbitrarily  taken  here  to  be  1  kcal/mol  A  (=6-948x10"^  dyne),  and  ai,  b^  and  Cj 
are  the  crystal  radii  and  compressibility  of  ion  i.  respectively.  All  of  the 
parameters  are  shown  in  Table  1 . 

The  edge  length  of  the  basic  cell  was  calculated  from  the  number  of  simu¬ 
lated  atoms  and  the  observed  density  of  the  relevant  K2O-B2O3  glass  [10].  The 
number  of  particles  (atoms)  within  the  basic  cell  was  800  (320  B,  480  O)  for 
B2O3,  690  (60  K,  240  B,  360  O)  for  K2O.4B2O3  and  650  (100  K,  200  B,  350  O) 
for  K2O.2B2O3.  The  time  increment.  At,  was  chosen  to  be  2*5x10"^^  s. 


2.3  Raman  Scattering 

The  Raman  spectra  of  the  glass  samples  were  measured  using  a  Jobin  Yuvon 
T64000  triple-grating  spectrometer  at  a  scattering  angle  of  90°.  Sample  excita¬ 
tion  was  achieved  with  the  5145  A  line  of  a  Coherent  Innova  300  model  Ar^ 
ion  laser  at  a  power  level  of  600  mW. 


3.  RESULTS  AND  DISCUSSION 

3.1  Potassium  Environments  in  K2O-B2O3  Glasses 

Figure  1  shows  normalized  XAFS  spectra  at  the  KX'-edge  of  the  K2O.XB2O3 
(x=2,  3,  4  and  5)  glasses.  As  shown  by  this  figure,  the  K  K-XAFS  spectra  ob¬ 
tained  for  all  of  the  glass  samples  are  of  good  enough  quality  to  extract  struc¬ 
tural  information  concerning  the  K  ion  environments.  The  potassium  borate 
glasses  exhibit  a  strong  white  fine  centered  at  3618  eV  and  two  broad  oscilla¬ 
tions  in  the  energy  range  from  3630  to  3720  eV.  The  fine-structure  of  the  K-edge 
XANES  in  the  energy  range  below  30  eV  were  well  reproduced  by  the  results 
of  a  first-principle  molecular  orbital  calculation  using  a  discrete- variational, 
DV-Xa,  method  and  (KOg)"”  and  (Ki30i4)^^"  model  clusters  [11]. 

The  Fourier  transform  of  the  EXAFS  function  k^x(k)  for  the  K2O-B2O3 
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Fig.  1.  Normalized  K  X^-XAFS  spectra  for  the  K2O.XB2O3  (x=2,  3,  4  and  5)  glasses. 

glasses  is  shown  in  Fig.  2.  The  main  peaks  of  the  first  oxygen  shell,  due  to  the 
nearest-neighbor  K-0  pair,  are  well  defined  for  all  of  the  spectra.  More  re¬ 
cently,  Gaskell  suggested  that  the  network-modifying  elements  such  as  Li,  Na, 
Mg,  Ca  and  some  of  the  divalent  transition  metals  form  a  disordered  cationic 


Fig.  2.  Fourier  transform  of  the  K  X-edge  k^%(k)  for  the  K2O.XB2O3  (x=2,  3,  4  and  5)  glasses 
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Fig.  3.  Stereoscopic  snapshot  of  the  ions  in  K2O.2B2O3  glass  at  298  K. 


sublattice  in  oxide  glasses  [12,13].  However,  no  evidence  of  any  K-K  correla¬ 
tion  due  to  ion  clustering  in  these  potassium  borate  glasses  is  seen  in  the 
present  EXAFS  results.  The  short  range  order  structural  parameters  for  the 
K2O-B2O3  glasses  have  been  obtained  from  a  best-fit  routine,  as  summarized 


Table  2 

Short  Range  Order  Parameters  for  K2O-B2O3  Glasses  Obtained  From  EXAFS,  X-ray 
diffraction  (XRD)  and  MD  Results. 


Glass  i-j 

ri.i(A) 

Ni_j  (atoms) 

(Si4)‘“  (A) 

Method 

[B2O3]  B-O 

1-36 

3-0 

- 

MD 

0-0 

2-38 

4-0 

- 

B-B 

2-64 

3-0 

- 

Z0-B-0^119-32°±4*34° 

ZB-O-B=151-07°±13-52° 

[K2O.4B2O3]  B-0 

1'37±0-01 

3-0±0-2 

0443±001 

XRD 

148±0-01 

4-0±0-2 

0'155±0-01 

1-38 

3-2 

- 

MD 

ZO-B-O=118-92°±5-07® 

ZB-O-B=150-15°±1447° 

0-0 

2-3610-02 

4-0±0-3 

0-150±0-01 

XRD 

240 

4-2 

- 

MD 

K-O 

2-86±0-02 

6-8±0-5 

0-153±0-02 

EXAFS 

2-83±0-02 

6-0±0-3 

0-18210-01 

XRD 

2-74 

61 

- 

MD 

[K2O.2B2O3]  B-O 

1-38 

3-3 

- 

MD 

0-0 

240 

4-6 

- 

Z0-B-0=115-23°±641° 

ZB-O-B=148-70°±14-52° 

K-O 

2-83±0-04 

5-9±04 

0'100±0'02 

EXAFS 

2-74 

6-6 

- 

MD 
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KzO'IBzOz  Crystal 


Fig.  4.  k^x(k)  spectrum  from  experimental  data  of  K2O.2B2O3  glass  and  that  calculated  using 
FEFF  program  for  K2O.2B2O3  crystal. 

in  Table  2.  This  table  also  includes  the  X-ray  diffraction  results  and  the  MD 
calculations  for  comparison  with  the  EXAFS  data.  The  mean  bond  distances, 
rj.j  for  the  K-O  correlations  in  the  K2O-B2O3  glasses  are  2*74-2*86  A,  and  are 
approximately  equal  to  the  sum  of  the  ionic  radii  and  (=2*73  A).  These 
K-0  distances  are  also  similar  to  those  in  potassium  silicate  glasses,  as  ob¬ 
tained  from  XAFS  [7,14,15]  and  X-ray  diffraction  [17]  results.  The  average 
coordination  numbers,  Nj.j,  found  are  approximately  6.  These  results  indicate 
that  the  potassium  ions  are  surrounded  by  six  oxygen  ions,  i.e.  disordered  oc¬ 
tahedral  geometry,  and  that  the  ions  have  a  strong  preference  to  reside  in 
the  vicinity  of  negatively  charged  non-bridging  oxygens  (NBOs)  and  bridging 
oxygens  (BOs)  in  the  large  cages  of  the  B-0  network  structure,  to  provide 
local  charge  neutrality,  as  shown  in  Fig.  3.  Table  2  also  shows  that  the  coordi¬ 
nation  numbers,  Nk_o,  for  K2O-B2O3  glasses  are  almost  constant,  at  around  6, 
independent  of  the  K2O  content.  The  root  mean-square  bond  length  devia¬ 
tions,  (ai.j)^A  lie  between  0*1  and  0*2  A. 

Figure  4  compares  the  experimental  k^x(k)  curve  for  the  K2O.2B2O3  glass 
with  a  k^%(k)  curve  calculated  for  crystalline  K2O.2B2O3  [17]  using  the  ab-initio 
XAFS  computer  code,  FEFF  [8].  In  crystalline  K2O.2B2O3,  the  cations  are 
coordinated  in  an  unsymmetrical  fashion  by  six  or  eight  oxygen  atoms  at  dis¬ 
tances  ranging  from  2*631  to  3*106  A.  As  shown  by  Fig.  4,  the  oscillations  of 
the  two  k^%(k)  curves  are  significantly  different,  due  to  the  different  ion 
environment  in  the  K2O.2B2O3  glass  and  crystal;  i.e.  the  ions  in  the  K2O- 
B2O3  glasses  are  symmetrically  coordinated  to  about  six  oxygen  atoms  at  dis- 
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Fig.  5.  Reduced  radial  density  function,  G(r),  and  radial  distribution  function,  D(r),  and  the 
function  D(r)/r  for  K2O.4B2O3  glass. 


tances  of  2-74-2-86  A  and  are  randomly  distributed  in  the  large  cages  of  the  B- 
O  network  structure,  as  shown  in  Fig.  3. 


3.2  Network  Structure  of  K2O-B2O3  Glasses 

The  experimental  radial  distribution  function,  D(r),  and  the  reduced  radial 
density  function,  G(r),  for  K2O.4B2O3  glass  are  shown  in  Fig.  5.  The  values  of 
the  structural  parameters  for  K2O.4B2O3  glass,  optimized  using  the  Debye’s 
equation  [18]  are  given  in  Table  2.  As  can  be  seen  from  Fig.  5,  the  first  peak  at 
1*40  A  is  attributed  to  the  nearest-neighbor  B-O  pairs  for  the  BO3  (rB_o=T37 
A)  and  BO4  (rB_o=148  A)  units  in  the  K2O.4B2O3  glass. 

As  regards  the  structure  of  alkali  borate  glasses,  M2O-B2O3,  it  has  been 
established  that  the  BO3  structural  units,  which  form  the  network  structure  of 
B2O3  glass,  are  converted  into  tetrahedral  BO4  units  by  the  addition  of  M2O  to 
B2O3  up  to  33  mol%.  According  to  Raman  [19,20]  and  NMR  [21,22]  studies, 
on  the  addition  of  one  molecule  of  Na20  to  B2O3  glass,  two  BO3  units  are 
converted  into  two  BO4  units  [20].  Zhong  &  Bray  [22]  indicate,  from  their  NMR 
results,  that  the  fraction  N4  of  BO4  units  in  alkali  borate  glasses  decreases  in 
the  order  Li>Na>K>Rb>Cs:  also,  the  value  of  N4  exhibits  a  maximum,  which 
decreases  in  magnitude  with  increasing  cation  size.  The  NMR  value  (0-31  [22]) 
of  N4  agrees  very  closely  with  that  (0*31)  for  the  K2O.2B2O3  glass  obtained 
from  the  present  MD  results. 
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4.  CONCLUSION 

This  paper  has  discussed  the  information  concerning  the  ion  environ¬ 
ment  in  K2O-B2O3  glasses,  obtained  from  XAFS  measurements.  The  average 
coordination  number,  Nk_o,  of  oxygen  around  cations,  and  the  mean  dis¬ 
tance,  rK-o>  for  K-0  correlations,  are  found  to  be  approximately  6  and  2-83- 
2.86  A,  respectively.  The  XAFS  results  are  in  poor  agreement  with  our  X-ray 
diffraction  and  MD  simulation  results. 
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Using  data  obtained  from  Rayleigh  scattering  of  visible  light  in  B2O3,  a 
change  in  the  isothermal  compressibility  with  temperature  was  calculated 
for  the  temperature  range  180  to  600°C.  Data  for  the  relaxation 
compressibility  were  compared  to  those  calculated  from  the  degenerate  ex¬ 
cited  state  model.  It  was  shown  that  the  calculated  data,  for  temperatures 
above  260^C,  are  in  a  good  agreement  with  those  obtained  experimentally. 
As  the  temperature  was  reduced  below  260°C,  an  increasing  disagreement 
was  noted  between  the  calculated  and  the  measured  data.  A  possible  reason 
for  the  disagreement  is  discussed. 


1.  INTRODUCTION 

Leideker  et  al  [1]  assumed  the  occurrence  of  a  degenerate  excited  state  in  the 
boron  oxide  structure.  This  model  describes  well  the  temperature  variation  of 
the  relaxational  parts  of  the  thermal  expansion  coefficient,  specific  volume,  and 
specific  heat  in  the  350  to  1400°C  range.  According  to  this  model,  the  occurrence 
of  the  degenerate  excited  state  is  the  reason  for  the  large  magnitude  of  the 
relaxational  part  of  the  compressibility,  pT,reb  for  molten  boron  oxide.  As  follows 
from  the  model,  can  be  calculated  using  the  following  equation: 

PT,.,  =  [(5V)VvRT](r  +  x)(l-x)  (1) 

X  being  given  by  relation 

X  =  {1  +  exp[(AU-TAS)/RT]}-' 

Here,  R  is  the  gas  constant,  T  is  the  absolute  temperature,  v  is  the  specific 
volume,  AU  and  AS  are  the  energy  and  entropy  differences,  respectively,  between 
the  ground  and  excited  states  and  6V  and  r  are  the  volume  difference  and 
population  ratio  between  two  degenerate  states.  Numerical  values  of  AU,  AS,  6V, 
and  r  can,  according  to  Ref  [1],  be  taken  as  -5-07  kcal/mol,  -6-75  cal/molK, 
0-117  cmVg,  and  3-8,  respectively. 

According  to  Eq.  (1),  the  magnitude  of  P^ki  should,  in  the  low-temperature 
range,  rapidly  decrease  with  decreasing  temperature,  due  to  the  fact  that  the 
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excited  states  become  sparsely  populated  .  Such  a  decrease  in  pj.g,  was  con¬ 
firmed  by  the  data  of  Bucaro  &  Dardy  [2]  from  Brillouin  light  scattering  in 
boron  oxide  over  the  range  284  to  516°C.  According  to  the  conclusions  of  Ref. 
[2],  the  small  disagreement  between  the  experimental  and  calculated  data  in 
this  range  can  be  entirely  eliminated  by  insignificant  changes  in  the  param¬ 
eters  of  Eq.  (1). 

The  present  investigation  is  aimed  of  obtaining  data  on  for  boron  oxide 
using  Rayleigh  scattering  of  visible  light  over  a  broad  temperature  range,  in¬ 
cluding  the  glass  transition  region,  and  comparing  these  data  with  the  predic¬ 
tions  of  the  model  proposed  in  Ref  [1]. 

2.  EXPERIMENTAL  PROCEDURE 

As  follows  from  the  thermodynamic  theory  [3],  the  static  isothermal 
compressibility,  Pt;o,  can  be  obtained  from  the  scattered  light  intensity  through 
the  relationship: 

K  =  (2) 

where  R^  is  the  scattered  intensity  measured  at  a  scattering  angle  of  90°  (R^ 
being  due  to  the  density  fluctuations),  X  is  the  wavelength,  e  is  the  dielectric 
constant,  p  is  the  density,  k  is  the  Boltzmann  constant,  and  T  is  the  absolute 
temperature. 

Thus,  experimental  data  on  the  temperature  variation  of  the  scattered  light 
intensity  allow  the  calculation  the  equilibrium  compressibility,  pj^,  which  is 
connected  to  pT,iei  by  the  relationship  =  Pt,o"Pt,oo,  where  Pt,oo  is  the  high- 
frequency  compressibility,  p^^  values  were  obtained  from  ultrasonic  measure¬ 
ments  [4]  and  Brillouin  scattering  experiments  conducted  by  Japanese 
investigators  [5],  the  data  of  Refs.  [4]  and  [5]  being  in  good  agreement. 

When  conducting  measurements  of  the  scattered  light  intensity  from  boron 
oxide,  a  major  problem  is  the  fact  that  the  material  is  a  highly  hygroscopic. 
This  results  in  a  progressive  worsening  of  the  optical  quality  of  sample  surface 
and,  correspondingly,  in  an  increase  in  the  scattered  light  intensity. 

When  conducting  high-temperature  measurements,  the  boron  oxide  melt 
was  contained  in  a  cell  made  of  fused  quartz.  This  protected  the  melt  surface 
from  the  effect  of  atmospheric  moisture  and  provided  reliable  values  of  the 
scattered  light  intensity.  It  was  shown  that  the  scattered  intensity  continuously 
decreases  with  sample  cooling  through  the  glass  transition  range.  However, 
this  conclusion  is  not  unambiguous  because  macroscopic  stresses  arose  in  the 
sample  under  study,  which  finally  resulted  in  the  destruction  of  the  sample. 

Therefore,  the  low-temperature  measurements  were  conducted  using  solid  glass 
samples  prepared  beforehand  by  quenching  the  boron  oxide  melt.  In  prelimi¬ 
nary  experiments,  it  was  shown  that  even  a  short  contact  of  the  sample  surface 
with  the  atmosphere  in  the  course  of  sample  polishing  results  in  the  formation 
of  a  film  at  the  surface  and  in  an  overestimation  for  light  intensity  scattered 
from  the  sample  A  short  heating  of  the  sample  up  to  300-3 50°C  removed  the 
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film  from  the  surface.  This  was  confirmed  by  the  fact  that  the  magnitudes  of  the 
scattered  light  intensity  measured  using  the  solid  glass  sample  and  the  sample 
obtained  by  cooling  the  glass  melt  in  a  cell  were  in  a  good  agreement. 

Such  a  method  for  the  reconstruction  of  the  sample  surface  was  used  in  the 
present  work.  To  avoid  the  repeated  formation  of  a  film,  all  of  the  low-tem¬ 
perature  measurements  were  conducted  under  a  dry  nitrogen  atmosphere.  This 
was  sufficient  to  keep  the  sample  surface  intact  for  the  period  required  to  con¬ 
duct  the  measurements. 

3.  RESULTS 

To  determine  Pto  using  Eq.  (2),  the  magnitude  of  p(5£/5p)  should  be  known. 
However,  there  are  no  reliable  methods  for  calculating  p(58/6p)  and  so  a  rela¬ 
tionship  proposed  by  Oster  [6],  was  employed 

p(5e/5p)  =  [n^(n^-l)(2n^  +  l)]/(2n'^  +  1)  (3) 

where  n  is  the  refractive  index.  Notably,  the  p(68/5p)  magnitudes  estimated  for 
B2O3  with  Eq.  (3)  are  in  agreement  with  those  calculated  from  Pockels 
coefficients  [7].  For  calculating  p(58/6p)  with  Eq.  (3),  the  temperature 
dependence  of  the  refractive  index  for  B2O3  [8]  was  used. 

Figure  1  shows  the  dependence  of  Pti^i  on  temperature  according  to  (1)  our 
experimental  data,  (2)  the  data  of  Bucaro  &  Dardy  [2],  and  (3)  data  obtained 
from  calculations  using  Eq.  (1). 

As  follows  from  the  Figure  1,  the  present  experimental  data  for  Pjrei  and 
those  of  Ref  [2]  using  Brillouin  scattering  are  in  a  good  agreement.  This  sup¬ 
ports  the  reliability  of  our  experimental  method  and  also  the  method  chosen 
for  calculating  p(5e/6p)  with  Eq.  (3)  (px,^!  being  obtained  in  Ref  [2]  with  no 
p(5e/6p)  factor). 

Moreover,  as  can  be  seen  from  the  Figure  1  Px^iCT)  substantially  decreases 
as  the  boron  oxide  sample  is  cooled  to  relatively  low  temperatures.  This  is  in 
qualitative  agreement  with  the  conclusions  based  on  the  degenerate  excited 
state  model  [1]. 

At  the  same  time,  the  present  data  demonstrate  a  quantitative  difference 
between  the  pxrei  values  calculated  with  Eq.  (1)  and  those  obtained  experimen¬ 
tally,  and  the  difference  increases  progressively  with  decreasing  temperature. 
An  attempt  aimed  at  bringing  the  calculated  P^rei  values  into  correspondence 
with  the  experimental  ones  over  the  entire  temperature  range  studied  by  intro¬ 
ducing  small  variations  in  the  parameters  of  Eq.  (1)  did  not  allow  a  complete 
elimination  of  the  differences. 

The  results  of  such  calculations  are  included  in  the  Figure  1  (curve  4).  The 
magnitudes  of  the  parameters  AU,  AS,  5V,  and  r  in  Eq.  (1)  were  taken,  in  this 
calculation,  to  be  -5*85  kcal/mol,  -7-82  cal/molK,  0T13  cmVg,  and  3-8,  re¬ 
spectively.  As  may  be  seen  from  the  Figure  1 ,  an  increase  in  AU  and  AS  by 
about  15%,  as  compared  to  those  chosen  in  Ref  [1],  results  in  a  good  agree¬ 
ment  between  the  calculated  and  experimental  Px^i  values  down  to  260°C.  At 
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Fig.l.  The  relaxation  part  of  the  isothermal  compressibility  vs  temperature. 

1,  light  scattering  results  from  the  present  work;  2,  results  of  Ref  [2]; 

3,  from  the  degenerate  excited  state  model  (Eq.  (1)}  and 
4,  from  the  degenerate  excited  state  model  with  new  parameters. 

lower  temperatures,  however,  variations  in  the  parameters  of  Eq.  (1)  alone  do 
not  allow  a  coincidence  between  the  calculated  and  experimental  pjrei  values. 

It  should  be  noted  that  so  crucial  a  decrease  in  the  scattered  light  intensity 
in  the  course  of  the  glass  transition  for  boron  oxide  as  revealed  in  this  re¬ 
search,  was  observed  using  a  sample  that  was  multiply  subjected  to  heating 
and  cooling  through  the  glass  transition  range.  This  sample  was  selected  be¬ 
cause  it  had  the  minimum  scattering  coefficient  among  the  series  of  samples 
synthesized  under  approximately  the  same  conditions.  Qualitatively,  the  tem¬ 
perature  dependence  of  the  scattered  light  intensity  obtained  for  all  the  sam¬ 
ples  was  similar  to  that  shown  above;  i.e.  it  was  characterized  by  a  substantial 
decrease  in  the  scattered  light  intensity  when  cooling  through  the  glass  transi¬ 
tion  range.  However,  the  final  intensity  magnitudes  reached  at  temperatures 
lower  than  250°C,  for  other  samples  of  the  same  series,  were  greater  than  that 
for  the  selected  sample.  This  may  be  due  to  the  worse  optical  quality  of  these 
samples,  but  reasons  for  this  difference  remains  unclear. 

4.  DISCUSSION 

As  is  well  known  [9],  the  time  required  for  structural  transformations  pro¬ 
gressively  increases  with  decreasing  temperature  and,  finally,  a  frozen  state  is 
reached.  As  a  result,  the  structural  contributions  to  the  specific  heat,  thermal 
expansion  coefficient,  and  compressibility  are  small  for  the  vitreous  state  and 
the  magnitudes  of  the  above  quantities  are  in  most  cases  close  to  those  charac¬ 
teristic  of  the  crystalline  state. 
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Such  a  reasoning  which,  in  general,  well  represents  the  pattern  of  the  glass 
transition  process,  cannot  explain  the  substantial  intensity  of  the  light  scat¬ 
tered  by  glasses.  The  solution  to  this  problem  was  found  in  terms  of  the  hy¬ 
pothesis  that  assumes  the  fluctuational  structure  of  a  melt  is  frozen-in  during 
the  glass  transition. 

The  present  data  on  boron  oxide  show  that,  at  temperatures  higher  than 
260°C,  the  magnitudes  are  in  a  good  agreement  with  the  predictions  of  the 
degenerate  excited  state  model  [1]  and  with  the  data  of  Ref.  [2], 

On  the  contrary,  below  260°C  a  rapid  decrease  in  the  scattered  light  intensity 
occurs  which  not  only  contradicts  the  qualitative  expectation  following  the  hy¬ 
pothesis  of  the  frozen-in  fluctuational  structure  but  also  results  in  a  large  differ¬ 
ence  between  px,rei  values  calculated  from  Eq.  (1)  and  those  found  experimentally. 

A  possible  explanation  for  this  effect  can  be  derived  from  the  work  of 
Golubkov  [10].  Based  on  SAXS  data,  Golubkov  concluded  that  a  decrease  in 
the  intensity  of  the  scattered  electromagnetic  radiation  for  boron  oxide  may  be 
due  to  interference  effects. 

5.  CONCLUSIONS 

It  is  shown  experimentally  that  cooling  a  boron  oxide  melt  through  the  glass 
transition  range  is  accompanied  by  a  sharp  decrease  in  the  intensity  of  the 
isotropic  light  scattering,  down  to  a  level  close  to  that  determined  by  the  high- 
frequency  magnitude  of  the  compressibility.  A  possible  reason  for  this  effect 
may  be  some  regularity  in  the  spacial  distribution  of  the  regions  of  inhomoge¬ 
neity  throughout  the  bulk  of  the  sample.  This  specific  feature  of  the  inhomo¬ 
geneous  structure  may  result  in  the  interference  effects  causing  a  decrease  in 
both  the  SAXS  intensity  and  the  intensity  of  scattered  light. 
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The  structure  of  glasses  in  the  system  61203-6203  is  studied  by  X-ray  dif¬ 
fraction  and  IR  spectroscopy  in  the  concentration  range  30-92-3  mol%  61203. 
It  is  found  that,  together  with  the  appearance  of  6O4  groups,  a  part  of  the 
borate  network  is  retained  up  to  66-6  mol%  bismuth  oxide.  In  the  same  con¬ 
centration  region,  short  and  long  6i-0  bonds  exist  but  for  the  3:5  and  2:1 
stoichiometric  compounds  only  one  6i-0  distance  is  found.  Above  this  con¬ 
centration  limit,  the  borate  network  vanishes  and  the  structure  becomes 
selenite-like  consisting  of  isolated  6O4  groups  and  deformed  6106  groups. 


1.  INTRODUCTION 

Boron  oxide  belongs  to  the  family  of  the  classical  glass-formers  and  is  also 
the  basic  component  of  a  large  number  of  two-  and  multi-component  oxide 
glass  forming  systems  [1].  The  structure  of  pure  B2O3  glass  has  been  the  sub¬ 
ject  of  various  studies,  some  of  which  are  summarized  in  [2,3].  Based  on  neu¬ 
tron  diffraction  data,  Hannon  et  al  [3]  have  suggested  that  in  the  structure  of 
vitreous  B2O3  about  80  %  of  the  boron  atoms  are  present  in  boroxol  rings, 
which  are  linked  by  independent  BO3  groups. 

During  recent  years,  there  has  been  an  increasing  interest  in  the  synthesis 
and  in  the  investigation  of  the  structure  and  the  properties  of  heavy  metal 
oxide  glasses  containing  bismuth  oxide  [4-11].  These  possess  a  high  refractive 
index  and  a  high  IR  transparency,  together  with  an  increased  third  order  non¬ 
linear  optical  susceptibility  [12]  which  makes  them  possible  materials  for  use 
in  both  linear  and  non-linear  optics.  Moreover,  bismuthate  glasses  are  excel¬ 
lent  precursors  for  the  fabrication  of  ceramic  superconductors  [13-15]  and,  in 
this  connection,  the  structure  of  several  bismuthate  glasses  was  studied  by 
Dimitriev  et  al  [15-17]  by  neutron  and  X-ray  diffraction. 

In  view  of  the  results  cited  above,  concerning  the  synthesis  and  properties 
of  bismuthate  glasses,  it  is  of  fundamental  interest  to  study  the  structural 
changes  occurring  as  a  function  of  composition  for  the  binary  system  Bi203- 
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B2O3.  The  phase  diagram  of  this  system  has  been  investigated  [18]  and,  with 
increasing  Bi203  content,  the  formation  of  four  congruently  melting  (1:4,  1:3, 
3:5, 2: 1)  and  one  incongruently  melting  compound  (12: 1)  has  been  established. 
In  the  B203-rich  region  there  also  exists  a  region  of  obvious  phase  separation, 
while  relatively  low  liquidus  temperatures  make  it  easy  to  obtain  stable  glasses. 
The  crystalline  structures  of  the  compounds  3Bi203.5B203  and  2Bi203.B203 
have  been  determined  [19,20].  The  basic  structural  unit  for  the  (3:5)  composi¬ 
tion  is  the  pentaborate  ion  (B50ii)^“,  formed  from  two  BO4  and  three  BO3  groups, 
whereas  the  structure  of  2Bi203.B203  only  contains  isolated  BO3  groups.  Glass 
formation  in  the  Bi203-B203  system  has  been  investigated  by  many  authors 
and  glasses  are  obtained  in  the  region  94-85  mol%  Bi203  [1].  The  purpose  of 
the  present  study  is  to  obtain  information  on  the  basic  structural  polyhedra 
which  form  the  glass  network  in  the  binary  B203-Bi203  system  using  X-ray 
diffraction  and  IR  spectroscopy. 

2.  EXPERIMENTAL 

The  glasses  were  obtained  by  melting  chemically  pure  Bi203  and  H3BO3  in 
porcelain  crucibles  in  the  temperature  range  850-1 000°C.  Vitrification  was 
achieved  by  pouring  the  melt  onto  a  metal  plate.  Well  defined  glasses  were 
produced  in  the  range  30-92-3  mol%  Bi203. 

For  the  structural  investigation  of  the  bismuth  borate  glasses,  X-ray  diffrac¬ 
tion  patterns  were  obtained  using  a  DRON-UM  1  powder  diffractometer  with 
a  goniometer  radius  of  195  mm.  The  goniometer  was  equipped  with  1-5°  Soller 
slits  for  the  incident  and  for  the  diffracted  beams,  a  curved  crystal 
monochromator  at  an  angle  of  13-37®  (0*21  bandpass)  and  a  NJ(Tl)  scintilla¬ 
tion  counter  connected  to  a  pulse  height  analyzer.  Measurements  were  made 
in  reflection  geometry  over  the  20  range  from  10  to  120®  using  CuK^  radiation. 
(Scattering  vector,  Q=47c(sin0)/?i,  range  0-71~7*06  where  20  is  the  scatter¬ 
ing  angle  and  X  the  incident  wavelength.)  After  data  reduction  to  give  the  struc¬ 
ture  factor  F(Q),  the  reduced  correlation  function  G(r)  =  47ir[p(r)-po]  was 
determined.  Interatomic  distances  were  found  from  the  total  pair  correlation 
function  T(r)  =  47i:rpo+G(r). 

The  IR  spectra  for  the  glasses  were  recorded  with  a  two-beam  spectropho¬ 
tometer  (SPECORD-M80,  Carl  Zeiss,  Jena)  in  the  range  1300-300  cm"^  The 
wavenumber  accuracy  was  ±  3  cm“h 

3.  RESULTS 

The  IR  spectra  of  the  glasses  in  the  Bi203-B203  system  are  shown  in  Fig.  1 
and  exhibit  a  systematic  variation  with  increasing  Bi203  content.  The  glass  con¬ 
taining  the  minimum  amount  of  Bi203  (30  mol%)  is  characterized  by  a  compli¬ 
cated  high-frequency  maximum  at  940  cm"^  and  a  shoulder  at  1060  cm  In 
addition  two  low-frequency  maxima  are  registered  at  680  cm"^  and  490  cm"^ 
The  intensity  of  the  high-frequency  shoulder  becomes  comparable  to  that  of 
the  band  at  940-930  cm“^  in  the  spectrum  for  the  50  mol%  Bi203  glass.  A  fur- 
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Fig.  1.  IR  spectra  of  glasses  in  the  system  Bi203-B203. 
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Fig.  2A.  X  -ray  correlation  functions  for  bismuth  borate  glasses. 

ther  variation  of  the  composition  leads  to  the  vanishing  of  the  band  at  1060 
cm“*  and,  at  the  same  time,  the  initial  band  at  940  cm“^  shifts  to  900  cm“^ 
Beyond  the  2:1  composition,  the  maximum  at  700  cm"^  also  vanishes.  All  these 
changes  are  accompanied  by  a  remarkable  increase  in  the  intensity  of  the  peak 
at  480  cm“h 
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Fig.  2B.  X  -ray  correlation  functions  for  bismuth  borate  glasses. 

As  may  be  seen  from  Figs  2A  and  2B,  at  low  r,  two  maxima  are  resolved  in 
the  correlation  functions,  T(r),  for  almost  all  of  the  glasses  studied.  On  adding 
Bi203,  the  peak  positions  shift  in  the  range  1*65-1-90  A  for  the  first  peak  and 
2*55-2*70  A  for  the  second.  Only  for  the  30Bi203.70B203  glass  are  these  two 
peaks  well  resolved,  while  for  the  other  compositions  the  first  peak  is  eventu- 
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ally  a  shoulder.  In  this  r  range,  instead  of  the  usual  two  maxima,  a  single  peak 
is  found  at  1*95  A  and  at  2-37  A  respectively,  for  the  37*5Bi203.62*5B203  and 
66‘6Bi203.34-4B203  glasses,  which  correspond  to  the  stoichiometric  crystalline 
3:5  and  2:1  compositions  [19,20].  A  well  resolved  maximum  is  situated  in  the 
interval  3 -75-3 -96  A  for  all  of  the  glass  compositions. 

4.  DISCUSSION 

The  structure  of  pure  vitreous  B2O3  has  been  discussed  at  length  by  a  vari¬ 
ety  of  authors  [2,3]  and,  according  to  the  most  commonly  accepted  model  [3], 
about  80%  of  the  boron  atoms  are  contained  in  boroxol  groups,  the  remainder 
being  present  as  independent  BO3  triangles.  The  addition  of  Bi203  transforms 
this  structure.  As  can  be  seen  from  Fig.  1,  the  appearance  of  the  shoulder  at 
1060  cm"^  and  the  basic  maximum  at  940  cm"^  in  the  spectrum  of  the  30  mol% 
Bi203  glass  is  probably  due  to  the  vibration  of  BO4  tetrahedra  which  are  present 
in  tetraborate  and  diborate  groups  [21-25].  The  band  at  700-680  cm"^  suggests 
that  at  least  some  superstructural  units  are  retained  in  the  structure.  The  exist¬ 
ence  of  both  BO3  and  BO4  groups  in  the  glass  structure,  over  the  30-50  mol% 
Bi203  concentration  range,  is  in  good  accord  with  the  crystalline  3:5  structure 
[19]  which  built  from  these  units.  The  results  are  also  consistent  with  previous 
studies  of  borate  glasses  containing  heavy  metal  ions  which  establish  the  ap¬ 
pearance  of  BO4  tetrahedra  [26-28].  The  disappearance  of  the  band  at  700  cm~^ 
in  the  spectra  of  the  glasses  with  higher  Bi203 -concentration  (80-92-3  mol%) 
indicates  the  destruction  of  the  superstructural  units  and  the  disappearance 
of  the  BO3  triangles.  The  spectrum  of  the  92-3  mol%  Bi203  glass,  which  corre¬ 
sponds  to  the  stoichiometric  composition  12:1,  is  quite  similar  to  the  spectra 
of  selenite  structure  [29,30].  This  gives  grounds  to  relate  the  vibration  at  900 
cm“^  to  isolated  BO4  tetrahedra,  since  isolated  Me04  tetrahedra  (Me  =  Si,  Ti, 
Ge)  are  typically  found  for  selenite  structures  [31,32].  The  low-frequency  band 
at  490-480  cm"^  which  rises  gradually  over  the  whole  glass-forming  range  with 
increasing  Bi203  content,  may  be  related  to  the  Bi-O  valence  vibrations  of 
very  deformed  BiOg  groups  [15,  29]. 

The  spectral  results  discussed  above  mainly  comprise  a  description  of  the 
boron  environment  in  the  glasses.  Further  information  may  be  obtained  by  X- 
ray  diffraction  in  respect  of  the  structural  peculiarities  of  the  bismuthate  com¬ 
plexes,  on  the  basis  of  the  known  crystalline  structures  of  the  3:5,  2:1  [19,20] 
and  selenite-like  compounds  [29,30]  and  from  the  authors  former  studies  of 
bismuthate  glasses  [15-17].  The  first  maximum  at  1-65-1-90  A  in  T(r)  curves 
can  be  interpreted  as  indicating  the  presence  of  a  relatively  short  Bi-O  dis¬ 
tance.  Obviously,  there  should  be  some  contribution  to  the  low-r  side  of  this 
peak  from  the  B-O  distance,  but  this  is  not  apparent  because  of  the  very  much 
lower  scattering  ability  of  the  boron  atom.  The  next  maximum  at  2-55-2-70  A 
arises  from  the  longer  Bi-O  bonds  of  deformed  BiOg  octahedra.  Bi-B  bonds 
also  have  some  influence  on  the  position  of  this  peak.  The  third  peak  at  3-76- 
3-90  A  is  in  good  accordance  with  the  Bi-Bi  bond  lengths  in  the  crystalline 
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polymorphs.  The  shoulderless  peaks  at  T95  A  and  at  2*37  A,  for  the  composi¬ 
tions  37-5Bi203.62*5B202  and  66'6Bi203.34-4B202  areprobably  due  to  the  over¬ 
lapping  of  the  peaks  for  the  short  and  long  Bi-0  bonds.  In  the  corresponding 
crystalline  structures,  the  difference  between  these  distances  is  small  and  the 
resulting  peak  will  not  be  greatly  influenced  by  the  B-0  and  Bi-B  bonds. 

5.  CONCLUSION 

In  the  binary  system  Bi203-B203  glasses  may  be  investigated  over  the  con¬ 
centration  range  30-92-3  mol%  bismuth  oxide  and  their  structure  has  been 
studied  by  means  of  IR  spectroscopy  and  X-ray  diffraction.  Up  to  66-6  mol% 
Bi203  BO4  groups  have  been  found  to  exist  together  with  the  superstructural 
units.  Over  the  ^\hole  concentration  region  short  and  long  Bi-0  bonds  are 
present,  except  for  the  stoichiometric  compositions  3:5  and  2:1  where  there  is 
only  one  Bi-O  distance.  For  the  glasses  with  higher  concentration  of  Bi203 
(66-6-92-3  mol%),  the  structure  becomes  selenite-like,  consisting  of  isolated 
BO4  groups  and  distorted  BiOg  groups. 
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The  paper  presents  new  data  on  the  crystal  structures,  thermal  expansion 
and  phase  transitions  of  anhydrous  rubidium  borates.  The  extremely  high 
magnitude  and  the  sharply  anisotropic  character  of  the  thermal  expansion 
of  crystalline  network  borates  within  the  glass  forming  region  have  been 
revealed.  Phase  equilibria  in  the  Rb20-B203  system  have  been  studied  by 
high-temperature  X-ray  diffraction  (HTXRD).  New  compounds,  RbsBOs 
and  Rb3B70i2,  and  new  modifications,  a-  and  P-RbB305,  have  been  discov¬ 
ered.  Rb3B70i2is  formed  in  the  course  of  a  solid-state  reaction  above  620°C 
and  melts  via  a  peritectic  reaction.  The  new  low-temperature  modification, 
(X-RbB305,  crystallises  in  the  orthorhombic  space  group  P2i2{2i  and  is 
isostructural  with  CSB3O5.  The  framework  of  the  structure  consists  of 
triborate  groups.  This  modification  transforms  to  p-RbB305  on  heating  at 
about  675°C.  The  crystal  structure  of  Rb2B407  is  determined  with  R=0*053 
and  is  triclinic  with  space  group  PL  It  is  isostructural  with  K2B4O7.  The 
borate  anion  forms  a  single  three-dimensional  framework  built  up  from 
diborate  groups,  di-triborate  groups  and  single  triangles. 


1.  INTRODUCTION 

Anhydrous  alkali  borate  systems  are  rich  in  chemical  compounds,  especially  in 
the  region  5—35  mol%  alkali  oxide.  Within  this  region,  some  glass  properties  have 
extrema  and  the  boron  atoms  have  three-  and  fourfold  co-ordination.  Tetrahedra 
and  triangles,  by  sharing  comers  with  each  other,  condense  to  rigid  arrangements 
(diborate,  triborate  groups  and  others).  These  groups  form  (sometimes  interlock¬ 
ing)  frameworks  in  melts,  glasses  and  crystals  [1,2,3].  The  behaviour  of  such  groups 
in  borate  crystal  stmctures  is  a  factor  of  major  significance  for  an  understanding 
of  the  structure  of  melts  and  glasses.  Thus,  studying  crystal  stmctures  and  their 
thermal  expansion  is  of  special  interest.  Up  to  now,  no  systematic  high-tempera¬ 
ture  crystal  chemistry  study  of  mbidium  borates  has  been  performed  and  no  men¬ 
tion  has  been  made  of  the  crystalline  thermal  expansion. 
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2.  EXPERIMENTAL 

Samples  were  prepared  by  solid  state  reaction  as  well  as  by  the  crystallisation 
of  glasses.  Investigations  show  that,  in  the  latter  case,  high-temperature  metastable 
phases  crystallise  first,  and  it  takes  several  months  to  reach  phase  equilibria. 

Crystallographic  data  were  obtained  by  X-ray  analysis  and  the  optical  and 
immersion  methods  [4].  Three-dimensional  X-ray  intensity  data  for  the  deter¬ 
mination  of  crystal  structure  were  measured  with  a  P2i  diffractometer.  The 
thermal  expansion,  phase  transitions  and  melting  processes  for  the  various 
crystalline  borates  were  investigated  by  powder  HTXRD  and  DTA. 

3.  CRYSTAL  DATA  AND  PHASE  EQUILIBRIA 

The  phase  equilibria  in  the  Rb20-B203  system  were  first  studied  in  Ref  [5]. 
The  phase  diagram  of  the  system  has  been  refined  by  HTXRD  and  DTA  (Fig. 
1).  New  compounds,  Rb3B03  and  Rb3B70i2,  and  new  polymorphic  modifica¬ 
tions,  a-  and  P-RbB305,  have  been  found  [6,7]. 

Rubidium  orthorborate,  Rb3B03,  was  prepared  by  solid-state  reaction  at 
600°C  and  melts  at  760®C.  Under  atmospheric  conditions,  Rb3B03  is  hydrated 
within  a  few  minutes. 

Rubidium  heptaborate,  Rb3B70i2,  is  formed  above  620°C  during  the  course 
of  the  solid-state  reaction  Rb2B407+a-RbB305^Rb3B70i2and  melts  at  about 
700°C  according  to  the  peritectic  reaction  Rb3B70i2^p-RbB305+  Liquid.  The 
crystals  are  biaxial,  with  a  negative  sign  and  the  following  parameters:  2V=45°, 
ng=T550,  n^=\’546  and  np=l-511. 

The  crystal  structure  of  rubidium  diborate,  Rb2B407,  has  been  determined. 
It  is  triclinic  with  space  group  Pi  and  following  parameters:  ^=9-860(4), 
Z)=10-653(6),  c=6*649(4)  A,  a=1034(l),  p=10T4(l),  7=89*1(1)°,  Z=4,  and 
P=0*053  [8].  The  crystal  optic  constants  are:  sign  2V=80°,  ng=T562, 
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nn,=  1-550  and  np=  1-542.  It  is  isostructural  with  K2B4O7  [9].  Diborate  groups, 
[B2*^B2“^07]^“  di-triborate  groups,  [B2^^B^“05.5]^",  and  single  triangles,  [B^^Oi  s]®, 
are  the  basic  units  of  the  single  three-dimensional  anion  framework  of  Rb2B407 
(Fig.  2).  Di-triborate  groups  and  single  triangles,  by  sharing  corners,  form 
[B2^^B2^^^07]^"  chains  along  the  c  axis  {Fig.  2  (e)}. 

The  new  low- temperature  modification  of  rubidium  triborate,  a-RbB305, 
was  obtained  by  solid-state  reaction.  It  crystallises  in  the  orthorhombic  space 
group  F2i2i2i,  with  a=8-217(3),  Z?=10-095(3),  c=5-391(2)  A  and  Z=2.  It  is 
isostructural  with  CsB3O5[10].  The  framework  of  the  structure  consists  of 
triborate  groups,  [B^^B2“^05]".  This  modification  transforms  to  P-RbB305,  on 
heating  at  about  675°C,  which  melts  at  735°C 

Rubidium  pentaborate,  RbB508,  crystallises  in  the  orthorhombic  space  group 
Peak  with  Z=2  [11].  Its  unit  cell  parameters,  a=l  1-835(7),  Z>=14-81(1)  and 
c=7*527(5)  A,  have  been  refined.  It  is  isostructural  with  KBgOg  [12],  but  the 
polymorphic  transition  of  RbB508,  mentioned  in  Ref  [5],  has  not  been  ob¬ 
served  in  HTXRD  patterns.  The  compounds  2Rb20.5B203  [1 3]  and  Rb20.9B203 
[5]  have  also  not  been  found.  The  fraction  of  the  boron  atoms  in  fourfold  co¬ 
ordination,  Nbo4,  for  each  of  the  crystalline  polymorphs,  is  presented  in  Fig,  3. 

4.  SOME  FEATURES  OF  THE  HIGH-TEMPERATURE  CRYSTAL 
CHEMISTRY  OF  RUBIDIUM  BORATES 

The  thermal  behaviour  of  three  anhydrous  framework  borates  has  been  studied: 

4.1.  Average  Thermal  Expansion 

The  average  linear  coefficient  of  thermal  expansion  a=av/3  (av= coefficient 
of  volume  expansion)  is  equal  to  25x10-6  for  a-RbB305,  30x10"^  for  RbBsOg 


Fig.  2.  Representation  of  the  Rb2B407  crystal  structure  (a)  and  its  basic  units  (b-e): 
(b),  single  triangle,  (c),  di-triborate  group,  [B2^''B“‘05.5]^'; 

(d),  diborate  group,  [B^'^B/^O?]^"  and  (e),  infinite  [B2*^B2"^07]^"  chains. 
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Fig.  3.  The  fraction  of  boron  atoms  in  fourfold  co-ordination  as  a  function  of  composition  in 
the  Rb20-B203  system.  Closed  circles,  experimental  data  and  solid  line,  theoretical  curve  [10]. 


and  17xl0"^°c^  for  Rb2B407  (Fig.  4).  The  last  is  close  to  the  coefficient  for 
glasses  (a=14xlO"^°C“^  [14]),  hydrous  chain  borates,  hydroboracite 
(CaMgB608(0H)6.3HA  a=15xl0-^°C-')  and  colemanite  (Ca2B60n.5H20, 
oc=17xlO"^°C"^  in  the  linear  approximation)  [15].  However,  the  other  two  coef¬ 
ficients  (a~30xl0"^°C^)  are  unusually  high  for  borates  and  it  is  interesting  to 
note  that  the  both  borates  are  located  in  the  glass  forming  region. 


4.2.  a-RbB305 

The  temperature  dependence  of  the  unit  cell  parameters  for  a-RbB305  {Fig.  5 
(a)}  has  a  sharply  anisotropic  character:  the  thermal  expansion  along  the  a  axis, 
a«=29xl(^^°C"^  is  close  to  the  average  (c£  Section  4.1),  but  ac=74xlO-^°C~^  is 
much  higher  and  is  negative.  Thus  the  be  plane  has  the  most 

anisotropic  expansion. 

The  crystal  structure  of  a-RbB305  (Fig.  6)  contains  a  single  borate  frame¬ 
work.  It  is  obvious  that  borate  rhombuses  may  be  distinguished  in  the  be  plane. 


Fig.  4.  Linear  coefficient  of  thermal  expansion  as  a  function  of  composition  in  the  Rb2(>-B203 
system.  Solid  line,  data  for  glasses  [14]  and  closed  circls,  data  for  crystals  (present  work). 
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Fig.  5.  Temperature  dependence  of  the  orthorhombic  cell  parameters  (a)  and  pole  figures  for 
the  coefficients  of  thermal  expansion  in  the  ab  (b),  ac  (c)  and  be  (d)  planes  for  a-RbBaOs.  The 
mean  square  deviation  for  the  cell  parameters  is  comparable  with  the  size  of  the  data  points. 
Darkened  parts  in  the  thermal  expansion  diagrams  indicate  directions  of  negative  expansion. 


Hence  if  the  rhombus  is  extended  along  one  of  its  diagonal  lines  it  has  to  be 
compressed  along  the  other,  as  demonstrated  by  the  pole  figure  for  the  coeffi¬ 
cients  of  thermal  expansion. 


Fig.  6.  The  correlation  between  pole  figure  for  the  coefficients  of  thermal  expansion  and  the 
crystal  structure  in  the  be  plane  for  a-RbBsOs.  The  dashed  lines  denote  infinite  chains  of 
triborate  groups  along  the  a  axis.  The  atomic  co-ordinates  are  taken  from  Ref  [10]  for  CSB3O5. 
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Fig.  7.  The  temperature  dependence  of  the  orthorhombic  cell  parameters  (a)  and  pole  figures 
for  the  coefficients  of  thermal  expansion  in  the  ab  (b),  ac  (c)  and  he  (d)  planes  for  RbBsOg. 
Mean  square  deviation  for  the  cell  parameters  is  comparable  with  the  size  of  the  data  points. 


Thus  the  anisotropy  of  the  thermal  expansion  of  a-RbB305  is  correlated  to 
the  thermal  reconstruction  of  its  structure.  The  framework  of  the  structure 
consists  of  triborate  groups,  which  form  infinite  spiral  chains 

around  the  twofold  screw  axes  along  the  a  axis.  In  Fig.  6,  the  chains  appear  as 
pairs  of  triborate  groups  and  are  marked  by  dashed  lines.  It  may  be  predicted 
that  the  principal  feature  of  the  thermal  reconstruction  of  the  structure  is  the 
rotation  of  such  chains  around  the  oxygen  atoms  which  are  common  for  two 
chains. 

4.3.  RbBsOs 

The  temperature  dependence  of  the  unit  cell  parameters  (Fig.  7)  has  ap¬ 
proximately  the  same  anisotropic  character  as  for  a-RbBjOs  (a^=23,  ai=4*7, 
ac=61xlO-6°C“^),  except  for  the  absence  of  the  negative  thermal  expansion  in 
the  case  of  RbBjOg. 

The  crystal  structure  of  RbB508  is  composed  of  two  interlocking  frame¬ 
works  consisting  of  pentaborate  groups,  [B^'^B/ (Fig.  8).  As  in  the  case 
of  a-RbBjOs,  rhombuses  may  be  defined  which  consist  of  infinite  chains  of 
pentaborate  groups  along  the  a  axis.  It  is  believed  that  the  structure  is  recon¬ 
structed  on  heating  so  that  the  chains  rotate  around  the  bridging  oxygen  at¬ 
oms  connecting  two  such  chains. 

4.4.  Rb2B407 

On  heating,  the  linear  parameters  of  the  triclinic  unit  cell  of  rubidium 
diborate  change  by  about  the  same  amount  as  the  angular  parameters.  The 
thermal  expansion  of  the  structure  has  a  weakly  anisotropic  character.  The 
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b  O  -Rb  0-0  o  -B 


Fig.  8.  The  correlation  between  the  pole  figure  for  the  coefficients  of  thermal  expansion  and 
the  crystal  structure  in  the  be  plane  for  RbBsOg.  The  darkened  framework  denotes  one  of 
two  which  interlock.  Atomic  co-ordinates  are  taken  from  Ref  [12]  for  KBsOs. 

principal  coefficients  of  thermal  expansion  are  an =23,  a22=14,  a33=13  and 
av=50xlO-^°C-'. 

5.  DISCUSSION 

Three  important  features  emerge  from  the  present  study: 

1 .  The  linear  coefficient  of  thermal  expansion  for  rubidium  borate  glasses  has 
a  weak  minimum  within  the  glass  forming  region  (cf.  Fig.  4,  solid  line).  In 
contrast,  the  crystals  demonstrate  a  large  maximum  (Fig.  4,  dots  and  dashed 
line).  This  difference  may  be  caused  by  the  open  nature  of  the  crystalline  net¬ 
work,  with  widely-spaced  chemical  bonds. 

2.  The  average  index  of  refraction  for  the  crystals  (1  -551  for  Rb2B407  and  1-536 
for  Rb3B70i2)  is  greater  than  for  the  glasses  (1-49  [14]).  This  may  be  correlated 
with  the  fact  that  the  density  for  the  crystals  (2-73  [1 1],  3-0  and  3-26  g/cm^for 
RbB508,  a-RbB305  and  Rb2B407,  respectively)  is  greater  than  that  for  the  glasses 
(2-465,  2-778  and  2-978  gW  for  16-9,  26-1  and  33-3  mol%  Rb20  [16]). 

3.  It  was  possible  to  expect  that  the  crystalline  framework  borates  would  show 
practically  isotropic  thermal  expansion  [17],  but  it  appears  that  two  out  of 
three  borates  have  highly  anisotropic  deformations. 

The  anisotropy  of  the  crystal  lattice  expansion  may  be  caused  by  aniso¬ 
tropic  thermal  vibrations  of  such  heavy  atoms  as  rubidium.  The  crystal  struc¬ 
ture  of  a-RbB305  contains  infinite  channels  along  the  a  axis  (see  Fig.  6)  in 
which  the  Rb  atoms  are  located.  Two  neighbouring  Rb  atoms  are  very  close  to 


126 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


each  other  along  the  b  axis.  On  heating  the  atoms  are  restricted  in  certain  di¬ 
rections  and  so  the  diagonals  of  the  ‘rhombuses’  of  the  borate  network  in¬ 
crease  along  the  c  axis  and  decrease  along  the  b  axis.  This  kind  of  deformation 
is  known  as  shear  and  has  by  nature  a  highly  anisotropic  character  [17]. 

The  same  type  of  shear  deformation  occurs  for  RbB508.  The  two  interlock¬ 
ing  frameworks  form  cavities  (see  Fig.  8)  occupied  by  pairs  of  Rb  atoms.  Two 
kinds  of  Rb  pairs  are  oriented  approximately  along  the  b  axis,  which  makes  it 
difficult  for  the  thermal  vibration  of  the  Rb  atoms  in  this  direction  and  is 
favourable  for  their  vibration  in  a  perpendicular  plane. 

The  opposite  situation  exists  for  Rb2B407.  In  the  cavities  of  its  structure 
four  kinds  of  Rb  pairs  are  located  (see  Fig.  2).  The  Rb-Rb  axes  of  the  pairs 
have  different  orientations  and,  for  this  reason,  the  lengthening  of  the  thermal 
vibration  ellipsoids  of  the  Rb  atoms  also  have  different  orientations.  As  a  re¬ 
sult  the  crystal  lattice  deformation  is  only  slightly  anisotropic. 

6.  CONCLUSION 

Thus  in  all  of  the  cases  under  review  the  crystal  lattice  thermal  expansion 
depends  mainly  on  the  thermal  behaviour  of  the  Rb  atoms.  This  is  in  agree¬ 
ment  with  the  statement  that  the  deformation  of  the  crystal  lattice  is  control¬ 
led  by  the  transformations  of  the  ‘softest’  (largest  and  most  irregular) 
co-ordination  polyhedra  [17]. 
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This  paper  deals  with  some  recent  contributions  of  infrared  and  Raman 
spectroscopies  to  the  structural  description  of  borate  systems.  It  demon¬ 
strates  how  the  vibrational  spectra  can  assist  the  decoding  of  local  and  in¬ 
termediate  range  structure  of  crystals  and  glasses.  Spectroscopic  tools  have 
been  developed  to  tackle  thermodynamic  and  kinetic  aspects  of  chemical 
reactions  relevant  to  the  vitrification  of  borates.  Case  studies  of  alkali  and 
alkaline  earth  borate  glasses  and  crystals  highlight  the  cation  and  composi¬ 
tion  dependence  of  borate  networks.  The  interactions  between  the  network 
sites  and  the  modifying  cations  are  monitored  by  the  characteristic  cation 
motion  bands  in  the  far-infrared.  Some  structural  aspects  of  the  mixed- 
alkali  effect  are  discussed. 


1.  INTRODUCTION 

Borates  with  the  general  formula  xM2/n0.(l-x)B203  result  commonly  from 
the  fusion  of  boric  anhydride,  B2O3,  with  metal  oxides  M2/nO  provided  by  the 
thermal  decomposition  of  carbonate  or  nitrate  salts.  The  structural  chemistry 
of  borates  is  very  rich,  and  their  phase  diagrams  include  broad  glass-forming 
ranges.  There  is  an  extensive  research  effort  aiming  at  the  elucidation,  classifi¬ 
cation,  and  prediction  of  borate  structures,  much  of  which  relies  on  vibra¬ 
tional  spectroscopic  techniques. 

The  purpose  of  this  report  is  to  highlight  contributions  of  vibrational  spec¬ 
troscopy  to  the  systematic  structural  mapping  of  borate  crystals  and  glasses 
by  presenting  selective  spectroscopic  tools  and  structural  concepts  employed 
in  the  authors’  laboratory  over  the  last  decade.  The  principles  and  instrumen¬ 
tation  of  infrared  and  Raman  spectroscopies  can  be  found  in  books  and  mono¬ 
graphs.  Technical  details,  spectral  analysis  and  band  assignments  should  be 
sought  in  the  original  references. 

2.  THE  LOCAL  STRUCTURE  OF  BORATE  NETWORKS 

Boron  has  an  s^p^  electronic  configuration.  In  borates  it  adopts  sp^  or  sp^ 
hybridizations,  therefore  acquiring  trigonal  or  tetrahedral  coordination.  In  the 
former  case  boron  affords  an  empty  p^  orbital  perpendicular  to  the  borate  plane. 
The  planarity  of  the  borate  triangle  is  enhanced  by  the  71-bonding  between  this 
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Table  1 

Schematic  structural  classification  of  borate  polyhedra  as  a  function  of  stoichiometry 


xM2/n0.(l-x)B203 

Average 

Local  structure 

stoichiometry 

3-coordinated 

4-coordinated 

0 

BO,.? 

603" 

Ref.  [2] 

0-5 

meta 

BO?- 

B02O'- 

Ref  [3] 

B04'- 

Ref 

[4] 

0-67 

pyro 

BOj.?- 

B0O?- 

Ref  [5] 

0-75 

ortho 

BO?- 

Ref  [6] 

B02O?- 

Ref 

[9] 

0-83 

5:1 

BOi^ 

BO/- 

Ref 

[7] 

empty  orbital  and  the  filled  p  orbitals  of  the  (bridging  and  non-bridging) 
oxide  ligands  [1].  Alternatively,  the  a  nucleophilic  attack  of  oxygens  lying  above 
or  below  the  plane,  leads  to  the  formation  of  4-coordinated  borate  species. 

Table  1  comprises  a  list  of  the  network  polyhedra  found  in  borate  com¬ 
pounds  as  a  function  of  stoichiometry.  Oxygen  atoms  are  shown  either  bridg¬ 
ing  two  boron  centers  (0),  or  as  non-bridging  or  terminal  (O).  There  is  direct 
crystallographic  evidence  for  all  species  [2-7],  except  for  the  4-coordinated 
orthoborate  (B02O2^"),  analogous  to  A102O2^”  [8],  for  which  the  only  evidence 
comes  from  the  interpretation  of  the  Raman  spectrum  of  some  alkali 
orthoborate  glasses  [9].  Polyhedra  with  oxygen  coordinated  to  three  boron 
centers  [10]  are  not  included  in  Table  1. 

To  a  good  approximation,  the  polyhedra  of  Table  1  can  be  considered  as  the 
primary  building  blocks  for  every  borate  structure,  either  glassy  or  crystalline. 
For  example,  diborate  crystals  and  glasses,  with  average  stoichiometry  (x=0*33) 
not  corresponding  to  that  of  a  primary  polyhedron,  ought  to  consist  of  for¬ 
mally  neutral  B03®  triangles  and  metaborate  polyhedra  (B02O^“  triangles  and/ 
or  B04“  tetrahedra)  in  equal  proportions.  There  are  two  chemical  processes 
leading  to  structural  diversification  at  the  local  level.  The  first  is  the  isomeriza¬ 
tion  between  3-  and  4-coordinated  species  of  the  same  stoichiometry  (e.g. 
B02O^“  <:=>  B04"),  the  second  is  the  disproportionation  of  a  species  into  polyhe¬ 
dra  of  higher  and  lower  stoichiometry  (e.g.  2B0O2^“  o  B02O^"  +  B03^").  Both 
depend  on  the  nature  of  the  M"^  cation  [9,1 1]. 

The  species  of  Table  1  have  distinct  vibrational  signatures  due  to  differences 
in  symmetry  and  bonding.  Despite  the  fact  that  these  signatures  can  be  ob¬ 
scured  by  the  coupling  between  different  groups,  crystal  field  effects,  or  merely 
by  the  coexistence  of  many  groups  with  overlapping  spectra,  the  spectroscopic 
identification  of  the  local  structural  species  is  in  many  cases  possible  [12,  13]. 
As  an  example.  Fig.  1  compiles  the  infrared  absorption  spectra  of  representa¬ 
tive  xLi20.(l-x)B203  glasses  with  compositions  spanning  the  glass  forming 
range.  The  spectra  are  collected  in  the  specular  reflectance  mode  which  en¬ 
sures  continuous  spectral  acquisition  over  broad  frequency  ranges  (30-4000 
cm"^)  and  yields  quantitative  spectra  free  of  hydrolysis  and  optical  dispersion 
effects  [14].  While  detailed  assignments  are  provided  in  [14],  we  note  here  that 
the  stretching  vibrations  of  metaborate  tetrahedra,  B04“,  are  observed  at  fre- 
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quencies  (800-1100  cm"^)  lower  than  the  corresponding  modes  of  borate  trian¬ 
gles  (1100-1600  cm"^).  Analysis  of  the  spectra  and  appropriate  ratioing  of  in¬ 
tegrated  intensities,  (Fig.  2a),  demonstrates  the  non-monotonic  dependence 
of  the  fraction  of  four-coordinated  boron  centers  in  the  glass  (N4)  on  x  [14], 
already  familiar  from  the  NMR  work  of  P.  I  Bray  [15],  as  well  as  the  composi¬ 
tion  dependence  of  meta-,  pyro-  and  orthoborate  triangles.  The  same  spectral 
features  allow  the  determination  and  quantification  of  a  pronounced  cation 
dependence  of  N4[16],  where  for  a  fixed  stoichiometry  below  the  metaborate, 
the  larger  alkalis  induce  the  formation  of  fewer  tetrahedral  species  and,  conse¬ 
quently,  favor  increased  fractions  of  3020^"  triangles  [13,  16,  17]  (Figure  2b). 
Incidentally,  this  trend  appears  reversed  for  x>0-50  [9]. 

3.  DANGLING  BONDS  ON  BORATE  TRIANGLES:  A  RAMAN  PROBE 
OF  INTERMEDIATE  ORDER 

Let  us  now  focus  on  the  distribution  of  Ti-bonding  over  the  three  B-O  bonds 
of  a  borate  triangle.  The  three  oxygen  atoms  will  compete  for  the  empty  boron 
Pz  orbital  and  their  ability  to  neutralize  boron  will  depend  on  their  charge  (basic¬ 
ity)  and  on  how  much  of  this  charge  is  involved  in  bonding  outside  the  triangle, 
i.e.  towards  the  neighboring  boron  centers  and/or  towards  the  charge  balancing 
cations  Therefore,  in  the  general  case,  the  three  B-0  bonds  of  the  triangle 
will  be  of  unequal  length  and  strength,  (i.e.  of  unequal  force  constant),  and 
would  result  in  different  B-O  stretching  frequencies.  All  of  these  are  valid  strictly 


Fig.l.  (left)  Infrared  absorption  spectra  of  selected  xLi20.(l-x)B203  glasses  [14] 

Fig.  2.  (right)  (a)  Compositional  dependence  of  the  integrated  intensities  of  infrared  bands  due 
to  metaborate  tetrahedra  and  meta-,  pyro,  and  orthoborate  triangles  in  lithium  borate  glasses. 
Lines  are  guiding  the  eye  [14].  (b)  Cation  dependence  of  the  integrated  intensity  of  the  infrared 
envelope  due  to  B0i"  units  in  alkali  diborate  glasses.  The  line  is  a  linear  least  squares  fit  [16]. 


130 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


in  the  dipole  approximation.  The  structural  entity  that  most  closely  fulfills  the 
requirement  for  vibrational  decoupling  from  the  rest  of  the  network  is  the  B-0“ 
dangling  bond,  especially  when  the  charge  balancing  M-O  interactions  are  fully 
ionic  and,  therefore,  weak.  Due  to  its  laige  force  constant,  the  stretching  vibra¬ 
tion  of  these  B-0"  bonds  is  observed  in  the  highest  frequency  part  of  the  Ra¬ 
man  spectrum  with  very  little  interference  from  other  vibrations.  By  the  same 
token,  it  is  often  possible  to  locate  at  lower  frequencies  a  strong  feature  that 
could  be  assigned  to  a  stretching  vibration  of  B-0  bonds  [18  and  Refs,  therein]. 

Based  on  the  Raman  spectra  of  nine  meta-,  pyro-  and  orthoborate  crystals 
consisting  solely  of  triangular  units,  a  simple  linear  correlation  has  been  devel¬ 
oped  between  the  boron-oxygen  bond  length,  (r),  and  the  corresponding  stretch¬ 
ing  frequency  v  in  cm"^  v=16900-11600r,  (l'31<r<l'40  A).  Since  r  has  been 
empirically  correlated  with  the  valence  of  the  B-O  bond,  the  latter  can  be 
correlated  also  with  v:  5'=0'8+2x  10“^ v.  The  implications  (and  limitations)  of  the 
two  equations  have  been  presented  elsewhere  [18].  We  only  note  here  that  spec¬ 
tral  acquisition  at  ±2  cm"^  accuracy  in  reading  band  maxima  allows  Raman 
spectroscopy  to  monitor  minute  changes  of  r  or  in  borate  triangles.  Such  changes 
often  result  from  second  neighbor  effects  (i.e.  from  intermediate  range  order). 

Representative  Raman  signatures  of  metaborate  B-O"  triangles  in  crystals 
and  glasses  are  shown  in  Fig.  3.  Crystalline  NaB02  and  a-LiB02  consist  solely 
of  metaborate  triangles.  The  large  frequency  difference  of  their  B-O"  stretches 
(ca.  1560  cm“^  vs.  1485  cm~^)  reflects  their  different  intermediate  range  order: 
rings  vs.  chains  [19].  The  presence  of  two  basic  B04“  units  adjacent  to  the  B02O“ 
“probe”  in  Ba2LiB50io  strengthens  the  B-0  bonds  of  the  triangle  and  shifts 
the  B-0“  stretch  to  ca.  1400  cm“^  [18].  Even  lower  frequencies  (ca.  1360  cm"^) 
are  measured  in  crystalline  Li2BA104,  where  even  more  basic  A104"  tetrahedra 
are  neighboring  the  B02O"  triangle  [20].  Overall,  the  ca.  200  cm“^  frequency 
span  of  the  metaborate  B-O"  stretch  corresponds  approximately  to  a  0-02  A 
variation  in  bond  length  and  a  0*04  change  in  bond  valence  [18]. 


frequency,  cm' 


rig.3.  Raman  spectra  of  B-0  stretches  in  crystalline  (top)  and  glassy  (bottom)  metaborates 

[18-20]. 
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Based  on  this  “calibration”,  we  can  now  reveal  the  structural  richness  of 
metaborate  glasses.  For  example,  B02O“  participates  in  (and  probes)  two  dis¬ 
tinct  environments  in  glassy  LiB02,  [18]  (see  Fig.  3),  a  result  confirmed  by 
NQR  [21].  These  environments  change  systematically  upon  partial  substitu¬ 
tion  of  Li  by  Na,  and  of  B  by  Al,  and  provide  a  structural  fingerprint  of  the 
mixed  alkali  and  mixed  network  effects  [20,22].  Even  more  so,  due  to  isomeri¬ 
zation  and  disproportionation,  the  formation  of  metaborate  triangles  is  not 
restricted  to  the  metaborate  stoichiometry.  Thus,  the  B-O"  stretch  of  B02O” 
units  can  be  used  to  monitor  the  sequence  of  network  polyhedra  in  every  bo¬ 
rate  glass  family,  and  over  practically  the  whole  glass  forming  range. 

4.  BORATE  STRUCTURE  AT  INTERMEDIATE  RANGES:  RINGS, 
CONDENSED  RINGS  AND  CHAINS 

The  primary  polyhedra  of  Table  1  are  not  randomly  connected  in  forming 
borate  networks.  Crystalline  borate  structures  offer  a  variety  of  examples  where 
these  polyhedra  are  stabilized  (mostly  due  to  charge  delocalization)  in  well- 
defined  six-membered  rings,  condensed  rings  and  chains  [2,3,23-30]. 

Figure  4  compiles  such  structures  built  of  B03^,  B02O',  as  well  as  B04"  poly¬ 
hedra.  Isomerism  is  evident,  especially  for  x=0'50,  while  the  structural  similar¬ 
ity  between  arrangements  of  different  stoichiometry  warrants  easy 
disproportionations.  Taking  into  account  the  charge  balancing  cations  M"^, 
the  intermediate  spatial  order  of  these  units  is  in  the  range  of  5-10  A.  We  also 
note  that  pyro-  and  orthoborate  triangles  which  would  lead  to  the  cleavage  of 
the  arrangements  of  Fig.  4,  can  also  form  ring  structures  where  the  charge 
balancing  cation  occupies  the  place  of  a  boron  center  [31]. 

As  a  rule  of  thumb,  triangular  borate  network  rings  like  the  boroxol  and  the 
metaborate  (see  Fig.  4)  have  aromatic  character.  They  tend  to  be  planar  and  are 
stacked  parallel  to  each  other.  This  planarity  is  interrupted  by  four-coordinated 
boron  atoms.  Some  crystalline  compounds  offer  examples  of  intermediate  cases 
where  small  deviations  from  planarity  are  due  to  weak  B-O  interplanar  interac- 


Fig.  4.  Six-membered  rings,  condensed  rings  and  chains  found  in  crystalline  borates.  The 
labels  denote  their  average  formal  negative  charge  per  boron  center,  x/(l-x). 
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tions,  precursing  the  isomerization  of  metaborate  triangles  into  tetrahedra. 

Due  to  differences  in  symmetry  and  bonding,  the  structures  in  Fig.  4  have 
discrete  vibrational  signatures  which  in  many  cases  compare  favorably  with 
the  predictions  of  group  theory.  Most  structures  of  Fig.  4  exhibit  breathing 
modes  of  the  oxygen  atoms  which,  due  to  the  large  polarisability  changes  in¬ 
volved,  have  strong  Raman  activity.  It  is  on  the  basis  of  such  a  Raman  band  at 
806  cm“^  that  boroxol  rings  have  been  unambiguously  identified  as  a  major 
constituent  of  glassy  B2O3  [32]. 

A  more  recent  example  of  the  extreme  sensitivity  of  Raman  spectroscopy 
to  probe  subtle  structural  differences  of  intermediate  range  order  in  borates  is 
shown  in  Fig.  5.  High  temperature  NaB02,  BaB204and  CaB204  compounds 
are  representative  of  three  classes  of  metaborates  which  consist  solely  of  B02O^" 
triangles  but  differ  in  their  intermediate  range  ordering  aromatic  rings 
with  degenerate  annular  bonds,  €3^  Kekule  rings  and  infinite  chains,  respec¬ 
tively)  [19].  The  Raman  spectra  probe  the  subtle  cation-dependent  structural 
difference  between  the  ring  structures  which  has  occasionally  remained  unno¬ 
ticed  by  crystallographers.  Even  more  so,  a  correlation  between  spectroscopic 
parameters  and  the  field  strength  of  the  charge  balancing  ion  has  guided 
the  discovery  of  a  hitherto  unknown  strontium  metaborate  compound  with 
the  C3h  ring  structure  [19]. 


Fig.  5.  (leftt)  Raman  spectra  of  CaB204,  BaB204,  and  NaB02  crystals  which  consist  of 

metaborate  triangles  [19]. 

Fig.  6.  (left)  Raman  spectra  of  glassy  lithium  metaborate  (thick  solid  line)  as  well  as 
a-  (thin  solid  line),  p‘-  (dotted)  and  Y-LiB02  (dashed)  polymorphs  [35]. 
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5.  POLYMORPHISM  AND  GLASS  FORMATION:  LONGER  RANGE 
STRUCTURE 

Since  Krogh-Moe  [33]  and  Konijnendijk  [34]  conducted  their  studies,  the 
comparative  analysis  of  the  vibrational  spectra  of  glasses  and  compounds  of 
crystallographically  known  structure  has  become  a  very  useful  method  in  as¬ 
sessing  the  structure  of  the  former.  A  practical  problem  arises  concerning  the 
criterion  in  selecting  those  crystalline  compounds  that  are  of  relevance  to  the 
composition  of  the  glass  under  investigation.  The  available  data  basis  of  bo¬ 
rate  crystals  favors  high  temperature  congruent  phases.  Yet,  forming  a  glass  by 
melt  cooling,  involves  the  activation  of  temperature  dependent  chemical 
equilibria  and  their  freezing  close  to  the  glass  transition  temperature. 

It  has  been  demonstrated  that  our  knowledge  of  low  temperature  or  incon- 
gruent  phases  can  be  enlarged  by  subjecting  the  glass  to  systematic  low-tem- 
perature  devitrification  treatments  [22,35].  In  those  cases  where  low  temperature 
nucleation  and  crystallization  occurs  homogeneously,  a  relevance  between  the 
structure  of  the  glass  and  those  of  the  crystalline  polymorphs  is  implied,  and 
confirmed  by  spectral  comparisons.  Figure  6  provides  an  example  of  this  com¬ 
parison  depicting  the  Raman  spectrum  of  lithium  metaborate  glass  together 
with  the  spectra  of  the  three  corresponding  crystalline  polymorphs.  More  in¬ 
terestingly,  apart  from  the  well  known  high  temperature  chain  polymorph  (a- 
LiB02),  two  tetrahedra-containing  low-temperature  polymorphs  (p‘-,  and 
'y-LiB02),  previously  considered  as  high  pressure  phases,  have  been  isolated  by 
sub-Tg  devitrification.  Spectral  comparison  demonstrates  that  the  glass  exhib¬ 
its  structural  similarities  with  its  devitrification  products,  which  extend  be¬ 
yond  local  and  intermediate  ranges  [35]. 

It  is  tempting  to  interpret  such  data  as  suggesting  that  the  structure  of  bo¬ 
rate  glasses  can  be  inhomogeneous,  in  the  sense  that,  relatively  denser  (tetrahe- 
dra  containing  low-temperature-like)  domains  seem  to  coexist  with  less  dense 
(structurally  metastable  but  kinetically  arrested)  liquid-like  regions  [35].  The 
sudden  formation  of  the  former  upon  quenching  would  cause  a  positive  devia¬ 
tion  of  viscosity  from  Arrhenian  behavior  [36],  and  would  therefore  signal 
“fragility”  in  Angelfs  classification  of  glassforming  liquids  [37]. 

6.  M-O  INTERACTIONS  IN  BORATE  GLASSES:  GLASS  MODIFIERS 
OR  CONDITIONAL  FORMERS? 

B-0  bonding  yields  only  one  part  of  the  structural  landscape  of  borate 
systems,  the  other  being  the  M-0  interactions.  In  fact,  M  and  B  coexist  in  the 
structure  and  compete  for  the  negative  charge  of  the  oxide  ions  in  a  manner 
that  depends  on  their  relative  concentration  (i.e.  on  the  composition  of  the 
system),  and  on  the  nature  of  M""^.  Obviously,  M-0  bonding  as  a  structure 
determining  factor  becomes  more  important  as  the  M2/nO  fraction  in  the  bi¬ 
nary  system  increases.  But  is  this  only  due  to  the  fact  that  the  M”^  cations 
outnumber  the  B^^  centers,  or  is  there  a  manifestation  for  a  qualitative  change 
of  M-0  bonding  with  increasing  M2/nO  content? 
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The  infrared  spectra  of  xLi20.(l-x)B203  glasses  shown  in  Fig.  1  can  provide 
an  answer  to  this  question  [14].  The  absorption  envelope  of  the  spectra,  domi¬ 
nating  the  far-infrared  range  below  550  cm"^  has  been  shown  to  involve  “rat¬ 
tling”  vibrations  of  the  Li'^  ion  in  the  sites  provided  by  the  network.  Such 
vibrations  are  observed  in  all  modified  glasses,  with  characteristic  frequencies, 
widths  and  intensities  depending  on  the  mass  of  the  cation  the  nature  of 
the  glass  former,  and  the  composition  [38].  While  the  details  of  the  far-infra- 
red  spectroscopic  study  of  glasses  are  beyond  the  scope  of  this  report,  we  note 
in  Fig.  1  that  increasing  x  causes,  apart  from  the  expected  increase  of  the  band 
intensity,  a  systematic  upward  frequency  shift  of  the  Li-O  vibrational  mode. 
This  latter  trend  is  a  direct  manifestation  of  the  enhancement  of  Li-O  bond 
strength  in  glass  [14],  and  therefore  of  increased  Li-O  covalency  [39].  Indeed, 
the  term  “ionic  modifier”  describing  the  structural  role  of  Li20  in  borate  glasses 
ought  to  be  used  with  caution  for  compositions  of  very  high  x. 

Extending  this  thought  to  other  cations,  we  show  in  Fig.  7  the  x  de¬ 
pendence  of  Tg  in  alkali  and  alkaline  earth  borates  with  x<0'50  [40].  The  bell 
shaped  trend  in  all  systems  is  associated  with  the  non  monotonic  variation  of 
the  number  of  B-0  bonds  [16],  due  to  the  formation  and  the  disappearance  of 
B04  species.  Among  alkali  borates  with  x<0'50,  the  Li-system  has  the  highest 
Tg  because  it  has  the  highest  N4.  The  glassy  network  of  alkali  borates  is  set 
mainly  by  freezing  the  boron-oxygen  bonding;  M2O  is  therefore  a  modifier.  In 
alkaline  earth  borates,  increasing  cationic  field  strength  induces  the  increase 
of  Tg,  despite  the  decrease  of  N4  [40,41].  Due  to  the  high  cross-linking  effi¬ 
ciency  of  the  ions,  it  is  M~0  bonding  that  freezes  the  glass  structure  be¬ 
fore  the  formation  of  B04"  units,  the  low  temperature  choice  of  the  B-O  system, 
can  be  sufficiently  activated.  The  oxides  of  the  lighter  alkaline  earths  act  more 
as  conditional  glass  formers  [40,41]. 

A  closer  look  at  the  far-infrared  spectra  reveals  that  they  are  asymmetric  in 
a  way  that  suggests  a  bimodal  gaussian  distribution  of  oscillators  (Fig.  8)  [16]. 
This  is  a  general  property  of  ionically  modified  glasses,  although  the  relative 
intensity  of  the  two  components  is  cation-  and,  to  some  extent,  composition- 
dependent.  This  bimodal  nature  of  the  far-infrared  envelope  has  been  associ¬ 
ated  with  the  existence  of  two  distributions  of  cation-hosting  environments  in 
glass  [41,42].  The  high  frequency  component,  is  attributed  to  cation-site  inter¬ 
actions  bearing  a  higher  degree  of  covalency,  similar  to  those  encountered  in 
the  relevant  crystals.  Cations  that  upon  quenching  do  not  succeed  in  achieving 
such  environments  assume  more  ionic  (i.e.  less  basic)  sites  in  the  network  [39]. 
Obviously,  this  interpretation  is  compatible  with  the  concept  of  a 
microheterogeneous  glass  structure  [35,43]. 

7.  ON  THE  STRUCTURAL  ASPECTS  OF  THE  MIXED  ALKALI  EFFECT 

The  simultaneous  presence  of  two  modifying  oxides  induces  a  non-linear 
variation  of  dynamic  glass  properties  on  composition,  which  is  known  as  the 
mixed  mobile  ion  or  mixed  alkali  effect  (MAE)  [44].  Most  of  the  earlier  theo- 
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Fig.  7.  (right)  Glass  transition  temperatures  of  alkali  and  alkaline  earth  borate  glasses  [40]. 
Fig.  8.  (left)  Far-infrared  spectra  of  Na-,  and  K-diborate  glasses.  Dotted  lines  show  their 
deconvolution  into  Gaussian  components  [16,38]. 


ries  accounting  for  the  MAE  were  not  concerned  with  the  possibility  of  non¬ 
linear  variations  of  the  network  structure  upon  alkali  mixing. 

It  is  quite  evident  from  the  vibrational  [22,45-47]  (as  well  as  from  the 
NMR  [17])  spectra  of  mixed  alkali  borates  below  the  metaborate  composi¬ 
tion,  that  alkali  mixing  causes  the  partial  destruction  of  B04  groups  and  favors 
the  formation  of  their  triangular  B02O"  isomers  (see  Fig.  9).  Also,  in  the  pres¬ 
ence  of  two  alkalis,  the  crystallization  and  devitrification  chemistry  of  borates 
is  affected  in  a  non-linear  way  [19,22].  Thus,  alkali  mixing  affects  the  local  and 
intermediate  range  network  order  in  glass,  and,  presumably  alters  its  (longer 
range)  morphology.  Altogether,  these  findings  imply  that  alkali  mixing  induces 
a  chemical  smoothening  of  vitrification  [22],  termed  “strengthening”  in  Angelfs 
classification  of  liquids  [37]. 

At  the  same  time,  alkali  mixing  results  in  the  non-additivity  of  the  M-0  in¬ 
teractions  in  glass  [45-48].  Figure  10  compares  the  far-infrared  spectra  of  typical 
mixed  alkali  glasses  [48]  with  the  linear  combination  of  the  corresponding  end- 
member  spectra.  Such  comparisons  demonstrate  that  the  high  field  strength  cati¬ 
ons  in  a  mixed-alkali  glass  occupy  more  covalent  sites  than  those  occupied  by 
the  same  cation  in  the  single  alkali  glass.  The  opposite  is  observed  for  the  low 
field  strength  cation  [45,48].  The  following  structural  picture  emerges:  In  single 
alkali  glasses,  one  kind  of  cation  needs  to  compensate  the  structure  by  compro¬ 
mising  its  own  bonding  requirements  with  the  constraints  imposed  by  the  net¬ 
work.  It  does  that  by  occupying  two  distinct  distributions  of  sites  [41,42].  In 
mixed  alkali  glasses,  the  cation  with  the  highest  field  strength  can  be  more  selec¬ 
tive  and  assume  mostly  the  high  basicity  sites,  because  the  lower  basicity  sites 
can  now  be  compensated  by  its  weaker  field  strength  counterpart. 


136 


Froc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Fig.  9.  (left)  Integrated  intensity  of  the  infrared  envelope  due  to  B04  units  in  Li-Cs  diborate 
glasses  as  a  function  of  alkali  mixing.  Solid  line  is  for  guiding  the  eye,  and  the  dotted  line 
between  end-members  indicates  additivity  [45-47]. 

Fig.  10.  (right)  Far  infrared  spectra  of  Na-Rb  and  Na-Cs  diborate  glasses  (solid  line) 
compared  to  the  weighted  averages  of  their  corresponding  end-member  spectra  [45,48]. 


8.  PERSPECTIVES 

There  is  one  conclusion  that  should  be  evident  from  the  above  discussion 
The  chemical  richness  of  borates  can  provide  the  keys  to  decode,  on  a  struc¬ 
tural  basis,  the  complex  and  widespread  phenomenon  of  vitrification. 
Everytime  we  study  the  structure  of  one  particular  glass  composition,  we  ought 
to  aim  at  unfolding  the  memory  of  those  high-temperature  processes  that  lead 
to  its  formation.  The  better  we  understand  the  potential  energy  hypersurface 
of  a  glass  forming  system,  the  easier  we  will  discover  how  this  system  “flows” 
in  it  upon  cooling.  We  need  to  map  isomerizations,  disproportionations  and 
polymorphic  transitions.  Thus,  we  need  to  know  more  about  crystalline  borates. 
It  is  challenging  to  realize  that  most  of  the  lithium  borate  compounds  of  a 
1958  phase  diagram  [49]  remain  structurally  unidentified.  We  also  need  to  ac¬ 
quire  more  and  direct  evidence  of  the  structure  of  borate  melts,  and  on  how 
this  structure  is  affected  by  additives.  We  should  understand  the  specific  in 
order  to  be  able  to  tackle  the  general.  Once  we  adopt  this  perspective,  new 
experimental  techniques  and  theoretical  approaches  will  develop.  Among  them, 
vibrational  spectroscopy  will  keep  playing  an  important  role. 
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There  is  now  increasing  evidence  that  the  structures  of  many  borate  glasses 
are  dominated  by  superstructural  units.  Spectroscopic  data  are  invaluable 
for  testing  models  of  glass  structure  and  the  inelastic  neutron  scattering 
technique  is  now  able  to  supplement  information  gained  from  optical  meas¬ 
urements,  due  to  improvements  in  instrumentation  and  source  strength 
which  have  led  to  an  energy  transfer  rcsolution  comparable  to  that  avail¬ 
able  optically.  The  use  of  inelastic  neutron  scattering  techniques  for  inves¬ 
tigating  the  role  of  superstructural  units  in  borate  glass  structures  is  discussed, 
using  vitreous  B2O3  and  a  binary  glass  in  the  Rb20-B203  system  as  exam¬ 
ples.  The  inelastic  scattering  results  for  vitreous  B2O3  strongly  support  a 
model  for  the  structure  in  which  the  majority  of  the  boron  atoms  are  in 
boroxol  groups.  The  neutron  weighted  vibrational  density  of  states  has  a 
significant  feature  at  the  energy  of  the  boroxol  ring  breathing  mode,  the 
natural  width  of  which  is  very  small  due  to  the  localised  nature  of  the  breath¬ 
ing  mode  of  these  highly  planar  rings.  The  inelastic  neutron  scattering  data 
for  a  0-6Rb2O.B2O3  glass  show  no  evidence  for  boroxol  groups  and  are  en¬ 
tirely  consistent  with  Raman  data,  but  clearly  demonstrate  the  important 
role  of  matrix  element  effects  in  determining  the  relative  intensities  of  the 
modes  in  the  Raman  spectrum. 


1.  INTRODUCTION 

Binary  borate  glasses  up  to  the  metaborate  composition  have  been  studied 
by  a  variety  of  techniques  due  to  the  relative  ease  of  glass  formation  and  knowl¬ 
edge  of  the  corresponding  crystalline  phases.  A  particular  point  of  interest  is 
the  fact  that  the  addition  of  network  modifiers  to  vitreous  B2O3  initially  leads 
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mainly  to  an  increase  in  the  co-ordination  number  of  the  boron  atoms  from  3 
to  4  rather  than  to  the  formation  of  non-bridging  oxygen  atoms;  i.e.  the  con¬ 
version  of  the  BO3  triangular  structural  units  into  BO4  tetrahedra  [1]. 

The  classic  structural  work  on  borate  glasses  dates  back  to  Zachariasen  [2] 
and  Warren  et  al  [3,4].  However,  controversy  immediately  arose  with  the  pa¬ 
per  of  Hagg  [5]  which  challenged  Zachariasen’s  hypothesis  and  postulated  the 
existence  in  glasses  of  groupings  larger  than  the  basic  structural  units.  More 
recently  support  for  Hagg’s  ideas  has  come  first  from  the  work  of  Krogh-Moe 
[6]  and  then  that  of  Bray  and  co-workers  [7,8],  who  both  confirm  the  existence 
of  larger  structural  groupings,  such  as  those  in  Fig.  1,  which  comprise  well 
defined  arrangements  of  the  basic  BO3  and  BO4  structural  units  with  no  inter- 


A 

(A)  (B)  (C) 


Fig.  1.  Superstructural  units  occurring  in  anhydrous  binary  crystalline  borates.  (A)  boroxol 
group,  BsOe;  (B)  triborate  group,  B3O7;  (C)  di-triborate  group,  B3O8;  (D)  metaborate  group, 
B3O9;  (E)  diborate  group,  B4O9;  (F)  pentaborate  group,  B5O10;  (G)  di-pentaborate  group, 
B5O11;  and  (H)  tri-pentaborate  group,  B5O12.  Note  that  the  di-triborate  group  corresponds 

to  the  composition  2M.3B,  etc. 
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nal  degrees  of  freedom  in  the  form  of  variable  bond  or  torsion  angles.  The 
existence  of  large  numbers  of  these  “superstructural  units”  in  certain  borate 
glasses  is  still  a  matter  of  considerable  controversy,  even  in  the  case  of  pure 
vitreous  B2O3. 

As  the  composition  is  varied,  Raman  spectroscopy  studies  [9]  of  alkali  bo¬ 
rate  glasses  indicate  the  presence  of  various  3-membered  rings,  both  boroxol 
and  those  containing  a  combination  of  BO3  triangles  and  BO4  tetrahedra  (e.g. 
triborate,  B3O7,  and  di-triborate,  B3O8),  which  give  rise  to  sharp  lines  at  808 
cm“^  (100  meV)  and  ~760-770  cm“^  (~95  meV)  respectively,  together  with  other 
larger  superstructural  units  such  as  diborate  and  pentaborate  groups.  The  lat¬ 
ter  involve  two  3-membered  rings  and  lead  to  broad  peaks  in  the  Raman  spec¬ 
trum  in  addition  to  that  at  ~95  meV.  As  demonstrated  by  previous  inelastic 
neutron  scattering  measurements  on  vitreous  B2O3  [10],  the  problem  with  the 
Raman  technique  is  that  unknown  matrix  element  effects  make  it  extremely 
difficult  to  determine  the  absolute  numbers  of  each  unit  for  a  given  glass. 

In  the  present  paper,  the  application  of  the  inelastic  neutron  scattering  tech¬ 
nique  to  the  investigation  of  the  role  of  superstructural  units  in  the  structure 
of  borate  glasses  is  discussed,  using  vitreous  B2O3  and  a  binary  Rb20-B203 
glass  as  examples.  This  particular  binary  system  is  of  interest  in  that  glasses 
can  be  formed  over  a  wide  range  of  composition  such  that,  at  the  lowest  B2O3 
contents,  a  continuous  borate  network  is  not  possible  [11]. 


2.  THE  INELASTIC  NEUTRON  SCATTERING  TECHNIQUE 

Spectroscopic  information  is  invaluable  for  testing  models  of  the  structure 
of  amorphous  materials.  The  energies  of  the  relevant  excitations  vary  from  a 
fraction  of  a  meV  up  to  several  hundred  meV  and  so  it  is  clear  that  a  variety  of 
spectroscopic  methods  is  needed  to  characterise  and  assign  the  atomic  mo¬ 
tions.  The  inelastic  neutron  scattering  technique  [12]  has  recently  become  able 
to  supplement  information  gained  from  optical  measurements,  due  to  improve¬ 
ments  in  instrumentation  and  source  strength  which  have  lead  to  an  energy 
transfer  resolution  comparable  to  that  available  optically.  A  wide  range  of 
instrumentation  is  now  able  to  measure  the  dynamical  structure  factor,  S(Q,E), 
with  the  optimum  resolution  in  scattering  vector  and  energy  transfer  for  a  va¬ 
riety  of  problems.  The  main  area  of  application  for  the  borate  glasses  to  be 
considered  here  is  the  investigation  of  an  effective  vibrational  density  of  states 
(VDOS)  so  as  to  confirm  the  important  local  atomic  configurations  in  the 
short  range  order. 

In  an  inelastic  neutron  scattering  experiment,  the  measured  quantity  is  the 
double  differential  cross-section  [13] 


d^a 

dQdE 


(1) 


in  which  G—<47ib^>  is  the  average  total  scattering  cross-section  per  atom,  ko 
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and  k’  are  the  magnitudes  of  the  initial  and  final  neutron  wavevectors,  Q  is  the 
magnitude  of  the  scattering  vector,  Q=ko-k’,  and  E  is  the  energy  transfer 
{E-Eq~-E\  where  E^  and  E  are  the  initial  and  final  neutron  energies).  *S(Q,£), 
S^{Q^,E)  and  S\Q,E)  are  the  total,  distinct  and  self  scattering  functions  re¬ 
spectively.  For  a  multicomponent  sample  these  are  themselves  weighted  sums 
of  partial  scattering  functions.  The  relationship  between  the  one  phonon  crea¬ 
tion  self  scattering  function  and  the  VDOS  is  of  the  form  [13] 


S'^\Q,E) 


g{E) 

2E 


/ 

Q  e, 

|2  ^ 

exp 

1  J 

[  3  J 

(2) 


where  the  I  summation  is  over  the  elements  in  the  sample,  «={exp(E/kT)-l}”' 
is  a  thermal  population  factor,  g{E)  is  the  VDOS  (defined  here  to  integrate  to 
a  total  area  of  unity),  is  the  isotropic  root  mean  square  (RMS)  dis¬ 

placement  from  equilibrium  for  the  atoms  of  element  /  and  is  the  atomic 
mass  for  element  /.  The  factor  IQ.Cip  represents  the  average  of  IQ.e-p  over  at¬ 
oms  of  element  /  and  modes  of  energy  E  where  e]  is  the  vibrational  displace¬ 
ment  vector  of  atom  j  for  the  normal  mode  s. 


3.  EXPERIMENTAL  DETAILS 

3.1.  Sample  Preparation 

The  boron  in  the  samples  used  for  the  experiments  discussed  here  was 
enriched  to  greater  than  99-57%  "B  to  minimise  the  absorption  of  neutrons  by 
The  vitreous  B2O3  inelastic  neutron  scattering  sample  was  cast  as  a  plate 
and  subsequently  crushed  to  a  coarse  powder  form  and  placed  in  an  aluminium 
sample  can  while  in  a  dry  box.  Since  alkali  borate  glasses  are  extremely  water- 
sensitive,  especially  at  high  alkali  contents,  the  rubidium  borate  sample  was 
prepared  and  the  resulting  crushed  glass  sealed  into  the  sample  can  in  a  dry 
box.  It  was  prepared  from  rubidium  oxide  and  boric  acid,  enriched  in  ^^B. 
Rubidium  oxide  was  used  instead  of  the  more  conventional  rubidium  carbon¬ 
ate,  since  this  avoids  carbon  dioxide  retention  by  the  melt  and  allows  the  for¬ 
mation  of  high  alkali  content  glasses.  The  melt  was  heated  for  a  period  of  15  to 
20  minutes  at  900°C.  The  glass  composition  was  confirmed  to  be  very  close  to 
the  nominal  value  (0-6Rb2O.B2O3)  of  37-5mol%  Rb20  by  determining  the  weight 
loss.  For  both  the  inelastic  scattering  measurements,  the  sample  was  in  the 
form  of  a  hollow  cylinder  to  increase  the  amount  of  material  in  the  beam  while 
maintaining  multiple  scattering  at  a  reasonably  low  level. 

3.2.  Inelastic  Neutron  Scattering 

Inelastic  neutron  scattering  experiments  have  been  performed  using  the 
MARI  spectrometer  at  ISIS.  For  the  experiment  on  vitreous  B2O3,  the  sample 
was  maintained  at  a  temperature  of  24  K  to  minimise  multiphonon  scattering. 
For  a  given  mode  to  be  observed  by  neutron  energy  loss,  the  incident  neutron 
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Fig.  2.  A  contour  diagram  of  the  neutron  scattering  law,  S(Q,E),  for  vitreous  B2O3  at  24K 

energy,  must  be  greater  than  the  energy  of  the  mode.  A  value  for  of  135 
meV  was  chosen,  close  to  the  energy  of  the  boroxol  ring  breathing  mode  to 
maximise  the  resolution  at  this  energy  transfer.  For  this  Eq,  the  elastic  scatter¬ 
ing,  recorded  by  the  detectors  used  here,  covers  a  range  in  momentum  transfer 
from  0-4  to  14-7  A"h  The  energy  resolution  function  with  an  incident  energy  of 
1 35meV  was  calculated  using  parameter  values  which  correctly  predict  the  elastic 
resolution  (3*8  meV  FWHM).  The  calculated  energy  resolution  (FWHM)  at 
the  energy  transfer  for  the  boroxol  ring  breathing  mode  is  T6  meV 

The  data  for  vitreous  B2O3  were  reduced  to  yield  S{Q,E)  at  constant  scatter¬ 
ing  angles  (Fig.2),  detector  internormalisation  factors  being  calculated  from 
the  fitted  elastic  peak  area  for  a  run  at  the  same  incident  energy  on  a  vanadium 
tube.  The  result  obtained  from  averaging  the  data  [13,14]  over  the  range 
2-5<Q<12-5  A-'  is  shown  in  Fig.  3.  A  multiphonon  correction  was  not  per¬ 
formed,  but,  since  the  multiphonon  scattering  scales  as  (w=2,3,4...)  [13], 
this  should  not  significantly  modify  the  data. 

For  the  measurements  on  the  Rb20-B203  glass  at  14  K,  the  incident  energy 
(135  meV)  was  similarly  optimised  for  the  90-105  meV  energy  transfer  region. 
The  data  analysis  followed  similar  lines  to  that  for  vitreous  B2O3  and  the  aver¬ 
aged  scattering  law,  S(Q,E),  over  the  range  5-0<Q<12-0  A'^  is  shown  in  Fig.  3. 
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Fig.  3.  The  neutron  scattering  law,  S(Q,E),  for  vitreous  B2O3  and  a  Rb20-B203  glass  of 
nominal  composition  37-5  mol%  RbiO. 

4.  VITREOUS  BORON  OXIDE 

The  presence  of  boroxol  groups  {Fig  1(A)},  in  vitreous  B2O3  was  first  sug¬ 
gested  by  Goubeau  &  Keller  [15]  and  further  evidence  is  summarised  by  Krogh- 
Moe  [16]  and  Johnson  et  al.  [17].  However,  the  role  played  by  boroxol  groups  in 
the  structure  of  vitreous  B2O3  is  still  the  subject  of  considerable  controversy  in 
the  literature  and,  in  particular,  the  fraction,/,  of  the  boron  atoms  involved  in 
boroxol  groups  [14],  It  has  been  suggested  [18]  that  the  value  of  /is  very  much 
smaller  than  indicated  by  NMR  [19]  and  the  value /=0'80±0-05  from  neutron 
diffraction  data  [20]. 

The  data  for  vitreous  B2O3  in  the  region  of  the  boroxol  ring  breathing  mode 
(Fig.  3)  exhibit  a  relatively  broad  band  of  modes  at  approximately  82  meV  with 
two  narrower  peaks  at  approximately  90  and  100  meV.  These  features  corre¬ 
spond  to  peaks  4,  5  and  6  in  the  numbering  scheme  used  by  Galeener  &  Thorpe 
[21]  for  the  Raman  spectrum.  The  modes  in  this  region  of  the  VDOS  arise 
from  the  symmetric  stretch  and  out-of-plane  deformation  of  the  BO3  triangle. 
Clearly  the  100  meV  peak  can  be  identified  as  being  due  to  the  breathing  mode 
of  the  boroxol  ring.  The  mode  is  seen  here  much  more  clearly  than  in  the 
previous  inelastic  neutron  scattering  measurement  [10],  due  to  the  improved 
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energy  resolution.  The  statement  in  the  literature  that  the  neutron  data  show 
no  significant  feature  at  808  cm"*  [22]  is  clearly  contradicted  by  the  present 
result.  A  fit  to  the  data  in  the  region  of  the  boroxol  ring  breathing  mode,  by  a 
linear  background  plus  a  Gaussian  function,  yields  a  peak  position  of  100*68 
meV  and  a  FWHM  of  2*37±0*01  meV. 

The  fitted  width  of  the  Gaussian  function  for  the  inelastic  neutron  scatter¬ 
ing  data  is  only  slightly  greater  than  the  calculated  energy  resolution.  If  the 
widths  add  in  quadrature  then  the  natural  width  of  the  boroxol  ring  breathing 
mode  may  be  estimated  to  be  ~1*75  meV  (-^14  cm"*),  in  agreement  with  the 
published  Raman  value  [23].  From  the  narrowness  of  this  width,  it  may  be 
concluded  that  the  lifetime  of  the  mode  is  long,  arising  from  its  high  spatial 
localisation  (i.e.  it  is  localised  on  a  single  boroxol  ring  [24])  which  is  due  to  the 
high  degree  of  planarity  of  the  boroxol  group.  In  contrast  to  the  reputation  of 
amorphous  solids  for  yielding  experimental  results  which  are  “broad  and  ill- 
defined”,  the  boroxol  ring  breathing  mode  is  actually  an  extremely  sharp  feature. 

5.  A  BINARY  BORATE  GLASS  :  Rb20-B203 

In  the  inelastic  neutron  scattering  data  for  vitreous  0*6Rb2O.B2O3  (Fig.  3, 
lower  curve),  there  is  no  indication  of  the  boroxol  ring  breathing  mode  at  100 
meV,  in  accord  with  the  Raman  data  of  Kamitsos  et  al  [25].  Three  broad 
bands  are  observed,  centred  at  ^75  meV  (605  cm"*),  ~90  meV  (726  cm"*)  and 
-^108  meV  (871  cm"*),  the  second  of  which  appears  to  comprise  at  least  two 
components.  The  total  extent  of  each  of  these  bands  is  in  good  agreement  with 
the  Raman  data,  the  composition  of  the  present  glass  being  between  the  values 
of  35  and  40  mol%  Rb20,  for  which  spectra  are  given  in  Fig.  6  of  Ref  [25]. 

At  35  mol%  Rb20,  the  Raman  spectrum  exhibits  a  broad  band  at  610  cm“* 
(75*6  meV),  while  at  40  mol%  Rb20,  this  has  a  sharp  line  superimposed  on  top 
of  it,  due  to  the  presence  of  cyclic  metaborate  ions  [25].  As  demon¬ 
strated  by  the  relative  intensity  of  the  peak  arising  from  the  boroxol  group 
breathing  mode  at  100  meV,  relative  to  that  in  the  Raman  spectrum  for  vitre¬ 
ous  B2O3,  the  matrix  element  enhancement  of  this  mode  in  the  Raman  spec¬ 
trum  is  very  large  and  hence  a  similar  enhancement  may  be  expected  for  the 
equivalent  mode  for  the  metaborate  ring.  For  this  reason,  the  small  feature, 
which  by  interpolation  would  be  expected  at  610  cm"*  in  the  Raman  spectrum 
at  37*5  mol%  Rb20,  is  not  visible  in  the  neutron  data. 

Although  the  total  width  of  the  broad  peak  at  ~90  meV  (726  cm"*)  is  very 
similar  to  that  in  the  equivalent  Raman  spectrum,  the  detailed  shape  is  not  the 
same,  due  to  different  relative  weightings  of  the  constituent  bands.  In  the  case 
of  the  Raman  spectrum,  the  band  at  ~756  cm"*  (93*7  meV),  due  to  the  breath¬ 
ing  mode  of  the  di-triborate  unit  {Fig.  1(C)}  or  the  same  ring  involved  in 
larger  pentaborate  groups  (Figs  1(G)  and  (H)}  [9,25],  is  dominant.  This  is 
presumably  due  to  matrix  element  enhancement  effects,  whereas  in  the  neutron 
data  the  contribution  from  metaborate  chains  (~91  meV  or  735  cm"*  [9,25])  is 
very  much  greater,  thus  shifting  the  position  of  the  maximum  to  lower  energy. 
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6.  CONCLUSIONS 

It  may  thus  be  concluded  that  the  neutron  inelastic  scattering  technique  can 
provide  considerable  insight  into  the  structures  of  borate  glasses  by  assign¬ 
ment  and  characterisation  of  features  in  the  effective  density  of  vibrational 
states. 

The  neutron  inelastic  scattering  results  for  vitreous  B2O3  strongly  support  a 
model  for  the  structure  in  which  the  majority  of  boron  atoms  are  in  boroxol 
groups  since  the  neutron  weighted  vibrational  density  of  states  has  a  signifi¬ 
cant  feature  at  the  energy  of  the  boroxol  ring  breathing  mode,  the  natural  width 
of  which  is  very  small  due  to  the  very  localised  nature  of  the  breathing  mode 
of  these  highly  planar  rings. 

The  inelastic  neutron  scattering  data  for  the  Rb20-B203  glass  are  entirely 
consistent  with  the  Raman  data  of  Kamitsos  et  al  [25],  but  clearly  demon¬ 
strate  the  important  role  of  matrix  element  effects  in  determining  the  relative 
intensities  of  the  various  modes  in  the  Raman  spectrum. 
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n(=l,2,3)-DIMENSIONAL  FOURIER  TRANSFORM 
ELECTRON  PARAMAGNETIC  RESONANCE  (FT-EPR) 
SPECTROSCOPY  MEASUREMENTS  IN  THE 
B203-Li20  SYSTEM  AND  MO  CALCULATIONS 


GQorgQ  KORDAS 

National  Center  for  Scientific  Research  ''  Demokritos”, 
Institute  of  Materials  Science,  153  10  Ag  Paraskevi  At  tikis, 
Athens,  Greece 


(100-x)B203  xLhO  (mol%)  glasses  with  x=0-50  were  prepared  by  conventional 
melting  techniques  and  exposed  to  y-ray  irradiation.  The  CW-EPR  (Continu¬ 
ous  Wave  Electron  Paramagnetic)  spectra  were  recorded  at  room  temperature 
and  show  a  strong  dependence  on  x.  The  spectrum  of  the  glass  with  x=0  was 
simulated  to  obtain  the  spectroscopic  parameters.  SCF  HE  (Self  Consistent 
Field  Hatree  Fock)  and  MNDO  (Molecular  Neglect  Differential  Overlap) 
calculations  were  done  for  the  interpretation  of  the  spectra.  The  echo  induced 
EPR  spectrum  of  the  B2O3  glass  is  different  from  the  CW-EPR  spectrum  show¬ 
ing  better  resolution.  The  echo  induced  EPR  spectra  of  the  Li20.4B203  glass 
recorded  at  20  K  depend  on  the  distance  between  the  two  pulses,  t.  The  FID 
(Free  Induction  Decay)  spectrum  of  the  defects  obtained  in  the  Li20.4B203 
glass  was  recorded  using  a  two  and  three  pulse  sequence.  The  Iburier  trans¬ 
formation  exhibits  frequencies  of  ”B(4-782043  MHz),  '”B(1  *60133  MHz),  and 
’Li(5*791950  MHz).  The  ESEEM  (Electron  Spin  Echo  Envelope  Modulation) 
spectra  contain  valuable  information  regarding  the  defect  structure. 


1.  INTRODUCTION 

The  CW  EPR  spectroscopy  has  widely  been  used  to  investigate  the  structure 
of  borate  glasses  [1-11].  Basically,  two  centres  were  identified  accounting  for 
EPR  signal  of  the  borate  glasses  [8-11]. 

Recently,  new  developments  in  instrumentation  and  theory  have  made  pos¬ 
sible  pulsed  EPR  spectroscopy,  greatly  enhancing  the  CW  EPR  resolution  and 
sensitivity  to  atomic  arrangements,  bond  angles,  and  a  variety  of  time-depend¬ 
ent  phenomena.  The  new  more  powerful  techniques  open  up  new  opportuni¬ 
ties  for  the  precise  determination  of  defect  structures  in  glasses,  where  CW 


Table  1. 

Spectroscopic  parameters  of  defect  centers  detected  in  borate  glasses. 


Glass  composition  g. 

g2 

g3 

A,(G) 

A2(G) 

A3(G) 

25  mol%  U2O  2*0020 

2*0103 

2*0350 

12*1 

14*2 

10*0 

25  mol%  Li20  2*0049 

2*0092 

2*0250 

11*2 

12*9 

8*0 
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B203-glass 


B[G] 


Fig.  1.  Measured  and  calculated  cw-EPR  spectrum  of  B2O3  glass. 


Table  2. 

Spectroscopic  parameters  of  spectrum  of  the  B2O3  glass  derived  from  simulation. 


CW  EPR 

gl  g2 

g3 

Ai[MHz] 

A2[MHz] 

A3[MHz] 

LW(G) 

B2O3 

2-0025  2-0118 

2-0370 

39-44 

43-45 

22-00 

10-0 

EPR  suffers  from  limited  energy  or  time  resolution. 

This  paper  presents  ESEEM  (Electron  Spin  Echo  Envelope  Modulation)  experi¬ 
ments  based  on  two-  and  three-pulse  sequence  and  ECHO  Field  Sweep  (fs)  experi¬ 
ments  based  on  a  two-pulse  sequence  The  paper  presents  CW  EPR  spectra  to  contrast 
the  new  findings.  SCF  HF  and  MNDO  calculations  were  carried  out  to  obtain  some 
indication  about  the  Molecular  Orbitals  (MOs)  of  the  defect  structures. 

2.  EXPERIMENTAL 

(100-x)  B203.xLi20  (mol%)  glasses  with  x=0-50  have  been  prepared  by  the 
melting  technique  in  a  platinum  crucible.  The  paramagnetic  centres  were  in¬ 
duced  using  a  ^*^€0  gamma-ray  source.  The  EPR  spectra  were  recorded  using  a 
BRUKER  ESP  300  E  spectrometer  with  an  ESP  380  FT-EPR  apparatus.  The 
ECHO  fs  sequence  was  nfl-x-nll.  The  ESEEM  spectra  V(t,T)  were  recorded 
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I(x)  =  A(x)  *  f(centerl,  B)  +  B(x)  ‘  f(center2,  B) 


X 


Fig.  3.  Coefficients  A(x)  and  B(x)  of  reproduction  of  the  I(x)  spectra  using  the  l(x=0)  and 

I(x=50)  spectra 

using  two-pulse  nl2-'Z-nf2  and  three-pulse  sequences  %l2-%-nf2-T-nl2. 

MNDO  (Molecular  Neglect  Differential  Overlap,  VAMP  4.4  Erlangen  con¬ 
vex  computer  version)  and  Gaussian  92  (SCF  HF,  with  ST06-31 IG  data  set) 
program  were  used  to  calculate  the  spin  densities  and  structures  of  the  boron- 
oxygen  related  units.  The  two  programs  are  explained  in  other  papers  [12-14]. 


3.  RESULTS 
3.1  CW-EPR  Studies 

Figure  1  shows  the  measured  (bottom)  and  calculated  (top)  EPR  spectrum 
of  the  B2O3  glass.  The  line  shape  of  this  spectrum  was  independent  of  the 
microwave  power.  Table  2  gives  the  values  of  the  simulation. 

Figure  2  shows  the  EPR  spectra  of  the  (100-x)  mol%  B2O3,  x  mol%  Li20  glasses 
with  x=0-50.  We  first  assume  that  two  centres  contribute  to  the  intermediate  glass 
compositions  (0  <  x  <  50  mol%).  The  first  center  dominates  for  x<25  mol%  and 
the  second  for  x>25  mol%.  Thus,  the  signals  (l(x=0)  and  I(x=50)  of  the  x=0  and 
x=50  glasses  were  taken  to  generate  the  intermediate  compositions  (I(x)  =  A(x)  * 
l(x=0)  +  B(x)  *  I(x=50)).  Figure  3  shows  the  coefficients  (A(x)  and  B(x))  resulting 

Dependance  of  the  Lineshape  on  x 


0  lO!  200  30)  4Cn  500  600 


B  (CF=3450G,  SW=200G) 


Fig.  4.  Echo  fs  spectra  of  the  Li20.4B203  glass. 
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from  a  least  square  fit  with  the  basic  spectra  of  the  x=0  (center  1)  and  x=50  (center 
2)  glasses.  The  squares  in  this  figure  give  the  accuracy  of  the  least  squares  fit. 

3.2  Pulse  EPR  Studies 

Figure  4  shows  the  pulse  EPR  spectrum  of  the  Li20  4  B2O3  glass  recorded 
with  a  sequence  nfl-x-nfl  for  x  =  120, 200, 400,  and  600  ns.  Figure  5  shows  the 
FID  (Free  Induction  Decay)  of  this  glass  exhibiting  strong  modulation.  Fig¬ 
ure  6  shows  the  Fourier  transformation  of  this  spectrum  demonstrating  the 
peaks  of  ^^B,  and  ^Li.  Figure  7  shows  the  ESEEM  spectrum  of  this  glass 
recorded  using  three-pulse  sequence  nll-x-nll-T-nfl. 

4.  DISCUSSION 

The  spectrum  of  the  B2O3  glass  is  nearly  independent  of  the  microwave  power 
(Fig.  1).  This  “five  line  plus  shoulder”  spectrum  exhibits  g-values  that  are  close 
to  those  reported  for  non-bridging  oxygens  in  a  number  of  glasses  [8]. 

The  unpaired  state  trapped  at  a  non-bridging  oxygen  exhibits  a  localisation 
of  more  than  0*95  [7-11].  This  oxygen  can  be  bonded  to  a  boron  that  is  three¬ 
fold  co-ordinated  or  between  two  boron  atoms,  the  one  four-fold  and  the  other 
three-fold  co-ordinated.  The  MNDO  and  SCF-HF  calculations  have  shown  that 
the  unpaired  electron  localised  at  a  non-bridging  oxygen  bonded  to  a  three-fold 
co-ordinated  boron  exhibits  a  high  localisation  on  this  site.  The  unpaired  elec¬ 
tron  trapped  by  a  bridging  oxygen  between  a  four-fold  and  three-fold  co-ordina¬ 
tion  is  distributed  over  several  atomic  orbitals  of  oxygens.  The  degree  of 
delocalization  depends  on  the  cross  linking  of  the  four-fold  and  three-fold  co¬ 
ordination  structural  arrangement.  The  results  of  Table  4  can  only  be  consid¬ 
ered  as  a  rough  approximation  of  the  reality.  This  finding  suggests  that  the  signal 
of  B2O3  glass  is  due  to  an  unpaired  electron  localised  at  a  non-bridging  oxygen. 


"ftepr-96ns-2UK-  L413-  data" 


0  2  4  6  8  10 

V  [MHz] 


Fig.  6.  FT-EPR  spectrum  of  the  two  pulse  FID  spectrum  of  the  Li20.4B203  glass 
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"L4B-20K-3pm-ESEEM-data” 
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Fig.  7.  Three  pulse  ESEEM  spectrum  of  the  Li20.4B203  glass. 


5000 


Table  3. 

MNDO  calculation  of  the  BO3H2  unit. 


Atom  BL 

BA 

TA 

— 

S 

PX 

PY 

PZ 

Total 

H 

0-002 

0-002 

0 

0-95 

1 

0-001 

0-001 

0-034 

0-000 

0-036 

B 

1-36 

116-5 

1 

2 

0-000 

0-000 

0-003 

0-000 

0-003 

0 

1-36 

119-0 

179-8 

3 

2 

1 

0-000 

0-001 

0-919 

0-003 

0-923 

0 

L41 

120-2 

359-7 

3 

2 

1 

0-001 

0-000 

0-033 

0-000 

0-035 

H 

0-95 

120-0 

359-0 

5 

2 

1 

0-002 

0-002 

BL 

Bond  Length  (A) 

BA 

Bond  Angle  (degrees) 

TA 

TwistAngle  (degrees) 

In  B2O3  glasses,  boron  is  only  three-fold  co-ordinated.  Thus,  an  oxygen  dangling 
bond  can  only  be  attached  to  a  three-fold  co-ordinated  boron  unit. 

It  is  evident  from  Fig.  2  that  the  line  shape  of  the  EPR  signals  of  the  borate 
glasses  are  a  function  of  the  alkali  metal  concentration.  The  spectra  of  inter¬ 
mediate  compositions  (0<x<50  mol%)  may  be  composed  of  the  spectra  of  the 


Table  4. 

MNDO  calculation  of  the  H2~02B-0-B03H3  unit. 


S  PX  PY  PZ  TOTAL  X  Y  Z 


0 

0-000 

0-000 

B 

0-000 

0-000 

0 

0-000 

0-011 

0 

0-000 

0-020 

H 

0-000 

0-000 

H 

0-000 

0-000 

B 

0-000 

0-000 

0 

0-000 

0-065 

0 

0-000 

0-017 

0 

0-001 

0-004 

H 

0-000 

0-000 

H 

0-000 

0-000 

H 

0-000 

0-000 

0-379 

0-001 

0-381 

0-000 

0-000 

0-000 

0-003 

0-000 

0-014 

0-006 

0-000 

0-026 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-005 

0-000 

0-005 

0-062 

0-006 

0-132 

0-185 

0-000 

0-202 

0-232 

0-003 

0-240 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-000 

0-00 

0-00 

0-00 

0-39 

0-00 

0-00 

0-20 

1-10 

0-00 

2-03 

-1-21 

0-04 

1-78 

1-95 

0-04 

1-48 

-1-97 

0-04 

-1-15 

0-88 

-0-38 

-1-10 

1-18 

-1-77 

-2-33 

0-17 

-0-02 

-0-98 

2-05 

0-47 

-0-43 

1-78 

-2-04 

-2-94 

0-01 

-0-72 

-1-42 

2-03 

1-31 
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Table  5. 

g-values  of  oxygen  related  centers. 


Material 

Nucleus 

gi 

g2 

g3 

<A>IA, 

Borate  glass 

2-002 

2-010 

2-035 

0-013 

Silicate  glass 

^^Si 

2-003 

2-009 

2-019 

0-010 

Titanate  glass 

47,49'pj 

2-003 

2-010 

2-022 

Germanate  glass 

3'Ge 

2-002 

2-008 

2-051 

Phosphate  glass 

31p 

2-010 

0-009 

Aluminate  glass 

^W1 

2-009 

0-005 

Niobate  glass 

2-010 

0-002 

x=0  and  x=50  mol%  glasses.  Such  a  description  can  be  realised  as  a  linear 
combination  of  the  l(x=0)  and  I(x=50)  spectra: 

I(x)  =  A(x)*I(x=0)  +  B(x)*I(x=50)  (1) 

The  coefficients  A(x)  and  B(x)  were  determined  by  a  least  squares  fit  and  are 
given  in  Fig.  3.  The  coefficient  A(x)  shows  a  variation  0-92-0'021x  with  x.  Thus^ 
the  concentration  of  the  defect  generating  exclusively  the  spectrum  of  the  x=0 
glass  decreases  with  increasing  x.  This  may  be  due  to  the  reduction  of  the  boroxol 
units  with  the  increase  of  the  alkali  concentration.  The  B(x)  coefficient  depends 
on  X  as  0-08  +  0-0 19x.  The  increase  of  this  new  center  at  the  expense  of  the  first 
center  can  be  due  to  the  formation  of  four-fold  co-ordinated  boron.  This  statement 
is  partially  correct.  The  squares  in  this  figure  present  the  accuracy  of  the  Isq  fit 
for  given  x.  These  numbers  are  less  than  one  in  all  intermediate  compositions. 
For  x=10,  the  deviation  is  maximum.  For  x=10,  the  accuracy  of  the  fit  is  about 
0*6.  This  proves  that  the  l(x=0)  and  I(x=50)  signals  are  not  the  only  data  set  that 
can  describe  the  spectra  in  the  entire  region  of  compositions.  The  CW-EPR 
spectra  may  be  composed  of  several  other  signals  due  to  other  defects  that 
contribute  to  the  spectra.  The  isolation  of  these  defects  is  very  laborious.  It  would 
require  the  combination  of  experiments  such  as  annealing  of  the  defects  and 
measurements  of  the  signals  at  different  temperatures  and  microwave  power  levels. 

The  echo  of  a  spin  system,  V(t,  B),  can  be  measured  as  a  function  of  the 
distance  between  the  two-pulses,  t,  and  the  external  magnetic  field,  B.  The  ob¬ 
servation  of  the  echo  V(T=constant,  B)  for  t=  constant  results  in  a  signal  corre¬ 
sponding  to  a  CW-EPR  spectrum.  Assuming  that  t  is  equal  to  the  spin  lattice 
relaxation  Tj  of  a  defect,  this  center  is  saturated  and  cannot  be  observed.  The 
centres  with  contribute  to  the  echo  fs  spectrum  with  given  x  values.  Fig.  4 
shows  the  echo  fs  spectrum  of  the  Li20  4B2O3  glass  recorded  for  t  =  120,  200, 
400,  and  600  ns.  The  spectra  are  different  for  different  x  up  to  400  ns.  For  this 
glass  and  temperature  of  measurements,  the  echo  fs  signals  are  not  significantly 
affected  by  x  greater  than  400  ns.  The  variation  of  the  echo  fs  spectrum  of  the 
Li20.4B203  glass  withx  is  due  to  the  elimination  of  some  defects  that  saturate  or 
decay  faster  than  x.  This  finding  is  very  important  for  EPR  spectroscopy.  The 
isolation  of  the  signals  due  to  different  centres  may  give  a  unique  opportunity  to 
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better  describe  the  local  structure  of  the  glasses.  The  echo  fs  signals  of  Fig.  4 
may  be  attributed  to  the  different  ring  structures  that  are  present  in  the  glass. 
The  assignment  of  the  echo  fs  signals  to  a  defect  needs  extensive  theoretical 
work  that  is  under  way  and  will  be  reported  in  a  future  publication.  Goldfarb  & 
Kevan  [16]  suggested  that  the  field  swept  spectra  expressed  can  be  as  follows: 

E(t,B)=I(B)V(t,B)  (2) 

assuming  that  the  phase  memory  time  and  spin  relaxation  times  are  field  independent. 
An  expression  was  given  by  Siderer  &  Luz  [17]  with  which  the  the  EPR  powder 
pattern  intensity  1(B)  can  be  deduced  from  the  echo-field  swept  spectra.  This 
expression  includes  the  g- values  of  the  defect  and  the  line  width  of  its  EPR  signal. 

The  echo  V(t,T)  at  constant  B  can  be  measured  as  a  function  of  t  in  a  two- 
pulse  sequence  or  T  in  a  three-pulse  sequence.  Due  to  the  presence  of  nuclei 
with  non-zero  nuclear  spins,  the  echo  decay  is  modulated  with  the  frequency 
corresponding  to  the  Larmour  frequency  of  the  nuclei  at  a  certain  external 
magnetic  field  B.  The  equations  that  describe  the  ESEEM  signals  for  I>1  and 
for  random  system  are  the  following  [15]: 

(k(t))  =  1-^/0-+ 1)^[2  -  4cos2;rv,Tf  (r„T)  +  cos2;r(2v,T)  +  F{T,,t)\  (3) 

J  UpV 


J  Vi 


l  +  lco^lTtv  j—'vG(Yt) 


+  cos2;rv^7] 


2cos2;r^(T  +  T’)G(7(T  +  r)) 


+  cos2;r — TQ 
2 


r(2T  +  T) 

+  cos27c^(-[  +  Tp{yr) 


(4) 


where  Tc=g5peg,|3,/hr\  A=TXl-3cos^6)+a,  B=3TcSin0cos6,  andVfis  the  Larmour 
frequency  of  the  nucleus  I. 

The  F  and  G  functions  of  the  above  equations  have  the  form: 


4hI{2I-l) 


(6) 


G(x)  = 


7-1 


2/(/+i)(2/+i)i:'; 


^  [/( /  + 1)  -  nijn  + 1)]  cos  2n{2m  +  l)x 


(7) 


The  simulation  of  the  two  (Fig.  4)  and  three  (Fig.  7)  pulse  ESEEM  can  de¬ 
liver  the  various  parameters,  e.g.  distance,  r,  of  the  nuclei  from  the  electron  spin 
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contributing  to  the  modulation,  the  RDF  of  the  atoms  around  the  site,  the 
quadropole  moment  of  the  site,  etc.  This  simulation  is  time-consuming  for  bo¬ 
rate  glasses  due  to  the  contribution  of  several  nuclei  to  the  ESEEM  spectrum. 
The  kind  of  nuclei  contributing  to  the  ESEEM  spectrum  can  be  determined  by 
the  FT-EPR  spectra.  The  Fourier  transformation  of  the  two  pulse  (Fig.  4)  and 
three  (Fig.  7)  pulse  ESEEM  signals  in  the  Li20.4  B2O3  glass  gives  peaks  corre¬ 
sponding  to  frequencies  of  ^°B,  and  ^Li.  Thus,  the  ESEEM  spectra  contain 
significant  information  that  could  reveal  in  detail  the  local  structure  of  the  center. 

SUMMARY 

The  CW-EPR  spectrum  of  the  x=0  glass  may  be  due  to  a  non-bridging  oxy¬ 
gen  attached  to  a  three-fold  co-ordinated  boron  member  of  a  boroxol-ring.  As 
X  increases,  the  four  line  plus  shoulder  spectrum  decreases  due  to  the  reduction 
of  those  units.  The  formation  of  other  ring  structures  affect  the  CW-EPR  spec¬ 
tra.  Some  of  the  signals  of  these  structures  were  indicated  in  the  echo  fs  spec¬ 
tra  of  the  Li20.4  B2O3  glass  recorded  with  different  pulse  separation.  The  two 
and  three  pulse  modulation  spectra  contain  significant  information  about  the 
local  environment  of  the  defects. 
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Raman,  IR  and  EXAFS  spectroscopic  methods  were  used  for  structural 
investigations  of  strontium  and  lead  borate  glasses  of  three  composition 
series  xSr0.(93-x)B203.7Al203  (10<x<68  mol%),  xPbO.(100-x)B2O3 
(0<x<75  mol%)  and  xPb0.(95-x)B203.5Al203  (5<x<80  mol%).  Strontium 
ions  should  act  only  as  network  modifiers  also  in  the  range  of  invert  glass 
composition  because  EXAFS  experiments  give  a  coordination  number  of  6, 
hardly  affected  by  the  composition  of  the  glasses.  The  incorporation  of  lead 
ions  in  the  glass  structure  is  discussed  from  the  low  frequency  part  of  the 
Raman  and  IR  spectra.  Confirming  NMR  results,  fourfold  coordinated  lead 
ions  can  be  observed.  The  Pb04  units  are  similar  to  those  in  tetragonal  lead 
oxide.  The  assignment  of  IR  and  Raman  vibrations  yields  boroxol  rings, 
borate  groupings  containing  one  or  two  BO4,  meta-,  pyro-  and  orthoborate 
units.  To  obtain  quantitative  results  Kramers-Kronig  analysis  was  applied 
on  IR  reflectance  spectra.  The  complex  dielectric  function  and  the  absorp¬ 
tion  coefficient  spectra  were  calculated.  Band  integrals  were  determined  by 
band  separation.  The  differences  of  the  quantitative  results  due  to  the  dif¬ 
ferent  acting  cations  are  shown. 


1.  INTRODUCTION 

Amorphous  lead  and  strontium  borates  are  basic  components  of  special 
glasses,  which  are  applied  in  modern  technology  because  of  their  interesting 
rheological,  electrical  and  optical  properties.  For  tailoring  the  properties  of 
such  high-tech  materials  structural  information  is  needed. 

First  investigations  of  the  structure  of  lead  and  strontium  borate  glasses 
were  performed  using  NMR  spectroscopy  by  Bray  and  co-workers  [1-4] 
and  recently  by  Moon  et  al.  [5].  IR  and  Raman  investigations  were  performed 
by  Tarte  &  Fortier  [6],  Konijnendijk  [7],  Meera  et  al  [8]  and  others  [9-12]. 
Further,  neutron  diffraction  [13]  and  ESR  spectroscopy  were  applied  [14,15]. 
The  results  support  the  model  of  Krogh-Moe,  that  in  borate  glasses  structural 
groupings  exist  as  in  crystalline  borates  of  corresponding  composition. 

Although  strontium  and  lead  have  different  positions  in  the  periodic  table, 
their  two- valent  ions  can  be  compared  with  regard  to  ionic  radii  (1  *32  and  1  -27 
A),  the  high  polarizability,  and  field  strengths  (0-34  and  0*27).  Lead  contain- 
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ing  glasses  are  available  in  a  great  composition  range  due  to  the  ability  of  lead 
ions  to  act  as  network  modifiers  in  a  PbOg  coordination,  as  well  as  network 
formers  in  Pb04  coordination,  depending  on  composition.  Such  a  behaviour 
is  unknown  for  strontium  ions,  but  borate  glasses  can  be  prepared  also  in  a 
large  composition  range.  Thus,  the  aim  of  this  paper  is  to  compare  the  results 
of  structural  investigations  concerning  the  short  range  order,  i.e.  the  oxygen 
coordination  of  the  cations  and  the  borate  groupings  in  the  glasses. 

We  used  Raman,  IR  and  EXAFS  spectroscopic  methods  for  structural  in¬ 
vestigations  of  compositions  enclosing  the  whole  glass  forming  range.  Some 
alumina  was  added  to  extend  the  glass  forming  range  and  suppress  phase  sepa¬ 
ration  or  crystallization. 

2.  EXPERIMENTAL 

2.1.  Glass  Preparation 

Glasses  were  melted  from  chemically  pure  reagents,  H3BO3,  AI2O3,  Pb304  or 
SrC03,  in  a  platinum  crucible  for  30  min  at  800  to  1200®C  depending  on  chemical 
composition.  The  melt  was  pressed  between  steel  plates  and,  after  anneahng,  cooled 
down  to  room  temperature.  Crystalline  strontium  and  lead  borates  were  prepared 
for  references  by  sintering  of  the  components  or  crystallization  from  the  melt. 

2.2.  Spectroscopic  Methods 

Raman  spectra  were  recorded  using  a  RGS2  Raman  Gitterspektrograph  or 
a  DILOR  XY  spectrometer,  equipped  with  a  nitrogen-cooled  CCD  camera  as 
a  detector.  Samples  were  excited  using  the  488-0  nm  or  the  514-5  nm  line  from 
a  Carl  Zeiss  ILA  120  argon  ion  laser.  The  infrared  measurements  were  carried 
out  on  the  BRUKER  IFS66v  spectrometer,  equipped  with  the  far  infrared 
option.  Kramers-Kronig  transformation  and  band  separation  were  performed 
for  quantitative  analysis  to  obtain  absorption  coefficient  spectra  and  band  in¬ 
tegral  intensities.  EXAFS  room  temperature  measurements  were  performed  at 
the  Sr-if  edge  in  transmission  mode  at  the  storage  ring  VEPP-3  (INP 
Novosibirsk)  and  HASYLAB  at  DESY  (Hamburg).  EXAFS  modulations 
A:^%(k)  were  extracted  from  the  spectra  by  standard  procedures  and  were  Fourier 
transformed  (2-0  A"^  <k<  12-0  A‘^)  into  r  space. 

3.  RESULTS 

3.1.  Short  Range  Order  of  Strontium  and  Lead  Ions 

The  short  range  order  of  strontium  atoms  was  examined  by  EXAFS  experi¬ 
ments  which  give  information  about  the  first  coordination  shell  of  the  absorber 
atom.  Thus,  data  for  the  mean  Sr-O  distance,  i^sr-o?  coordination  number, 
N,  and  the  Debye-Waller  factor,  exp(-2a^/c^),  characterising  the  structural  dis¬ 
order,  were  determined  [16].  Sr- AT  EXAFS  modulations  and  the  Fourier  trans¬ 
forms  of  the  investigated  glasses  are  given  in  Fig.  1 . 

Whereas  from  the  Sr/O  atomic  radii  ratio  a  coordination  number  of  8  would 
be  expected,  Sr  ions  in  crystalline  borates  can  be  coordinated  by  6  to  1 1  oxygen 
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Fig.  1.  Sr-A^EXAFS  modulations  and  Fourier  transforms  of  strontium  borate  glasses  (SBA), 

atoms.  In  crystalline  Sr2B205  the  Sr  ions  occupy  two  positions  surrounded  by  6 
and  7  oxygens,  respectively  [17].  Quantitative  structural  parameters  for  the  SBA 
glasses  were  obtained  by  parameter  fitting  of  the  Sr-K  EXAFS  modulations. 
To  derive  starting  parameters  for  the  fit,  the  two  Sr  positions  in  the  Sr2B205 
structure  were  averaged.  Since  the  radial  distribution  of  the  oxygen  atoms  in 
the  Sr  environment  is  expected  to  be  asymmetric,  a  modified  EXAFS  formula 
was  used  (the  convolution  of  a  Gaussian  distribution,  characterised  by  the 
mean  square  deviation,  with  an  exponential  distribution,  characterised  by 
the  asymmetry  parameter,  a).  Only  slight  changes  were  observed  with  increas¬ 
ing  SrO  content  (x  =  15... 63  mol%):  i?sr-o  decreases  from  2*60  to  2-57  A 
=  0*02  A),  N  remains  nearly  unchanged  (6T±0-5)  and  (a^+  which  is  a 
measure  for  the  width  of  the  first  coordination  shell,  increases  from  0T2  to 
0T4  A.  The  parameters  for  the  glass  with  x  =  68  mol%  are  significantly  differ¬ 
ent:  7?sr-o  ”  2*61  A,  N  =  6'3  and  =  0T7  A.  It  was  concluded  from 

these  results  that  Sr  ions  are  in  sixfold  coordination  in  all  glasses.  With  increas¬ 
ing  SrO  content  the  disorder  of  the  Sr  environment  is  enhanced. 

Information  on  the  short  range  structure  of  the  lead  ions  was  extracted 
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Fig.  2.  w-polarized  Raman  spectra.  Curve  1 : 
tetragonal  crystalline  PbO,  Curve  2:  75  mol% 
PbO  (PB),  Curve  3:  80  mol%  PbO  (PBA). 


X  PbO  in  Mol%  — > 

Fig.  3.  IR  band  integrals  of  far  infrared 
bands  versus  lead  oxide  concentration  (PB). 


from  the  low  frequency  range  of  Raman  and  IR  spectra.  Fig.  2  shows  an  in¬ 
tensity  increase  with  growing  PbO  content  of  the  glasses.  The  spectra  become 
comparable  with  the  spectra  of  tetragonal  crystalline  PbO.  The  formation  of 
Pb04  pyramids  in  lead  borate  glasses  containing  high  PbO  contents  is  known 
from  NMR  investigations  by  Bray  [1],  but  these  results  are  not  able  to  distin¬ 
guish  between  tetragonal  and  orthorhombic  symmetry. 

Fig.  3  presents  the  integral  band  intensities  of  the  Pb-O  vibrational  bands 
in  the  far  infrared.  The  bands  between  100  and  200  cm“^  are  assigned  to  ionic 
Pb-O  bonds  and  Pb^"^  motions  in  the  borate  network,  whereas  the  band  near 
300  cm"^  due  to  covalent  Pb-O  bonds  corresponds  to  the  band  at  290  cm"^  of 
tetragonal  PbO.  With  increasing  PbO  content  the  band  at  150  cm"^  continu¬ 
ously  increases  and  the  band  at  100  cm“^  decreases  above  50  mol%  PbO.  The 
intensity  of  the  band  at  300  cm“^  distinctly  increases  above  45  mol%  PbO.  This 
confirms  that,  for  low  PbO  content,  lead  oxide  predominantly  acts  as  modifier 
(ionic  Pb-O  bond)  and  with  increasing  PbO  content  it  acts  as  a  glass  former 
(covalent  Pb-O  bond)  [18]  as  well. 


3.2.  Borate  Groupings  in  Strontium  and  Lead  Borate  Glasses 
3.2.1.  Raman  investigations  -  Fig.  4  shows  the  Raman  review  spectra  of  the 
glasses.  The  spectra  of  low  modifier  content  are  similar.  The  Raman  spectra 
of  lead  borate  glasses  have  more  intensive  absorption  bands  in  the  1100  to 
1 500  cm"^  region.  High  strontium  borate  glasses  show  in  contrast  to  lead  borate 
glasses  more  structured  spectra.  An  assignment  of  the  Raman  peaks  in  the 
glasses  was  performed  by  comparing  with  the  spectra  of  prepared  crystalline 
reference  substances  and  with  the  results  of  other  authors,  showing  slight 
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Fig.  4.  Raman  spectra  of  strontium  (SB  A)  [19]  and  lead  (PBA)  borate  glasses. 

differences  in  the  peak  positions  of  alkali  borate  glasses  [8,  20]  (see  Table  1). 
The  glasses  of  low  modifier  content  were  dominated  by  peaks  in  the  740...810 
cm"^  region  due  to  boroxol  rings  and  borate  ring  groupings.  The  determination 
of  the  intensity  ratios  of  the  770  and  805  cm“^  bands  give  the  quantitative 
results  demonstrated  in  Ref  [21],  With  increasing  oxide  content  the  intensities 
of  these  bands  decrease  whereas  the  intensities  of  new  bands  rise  in  the 
1100...  1500  cm"^  range,  near  900  cm"^  and  below  300  cm“f  According  to  the 

Table  1 

Assignment  of  Raman  Bands  in  the  Spectra  of  Strontium  and  Lead  Borate  Glasses 


Band  No.  Frequency  range  (cm  9 

Strontium  borate  Lead  borate 

Assignment 

1 

1390...1430 

1150.. .1500 

metaborate,  B-0“ 

2 

1210... 1230 

1260 

ortho-,  pyroborate  units 

3 

1050 

diborate  units 

4 

950...960 

950 

diborate  units 

5 

915 

900.. .930 

orthoborate  units 

6 

900 

pentaborate  units 

7 

806 

806 

boroxol  rings 

8 

740.. .770 

770 

tri-,  tetra-,  pentaborate  units 

9 

600..670 

620.. .710 

metaborate  units 

10 

430...500 

550 

isolated  BO4  units 
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Fig.  5 IR  absorption  coefficient  spectra  of  strontium  and  lead  borate  glasses  (series  SB  A,  PBA). 

assignment  given  in  Table  1  the  large  amounts  of  metaborate  groupings  are 
characteristic  of  lead  borate  glasses.  Strontium  borate  glasses  of  high  modifier 
content  exhibit  intense  peaks  due  to  ortho-  and  pyroborates.  The  spectra  below 
300  cm“^  are  dominated  by  Me-O  bending  vibrations  and  the  so-called  Boson 
peak  which  is  characteristic  for  the  glassy  state.  It  was  used  for  determination 
of  structural  correlation  lengths  (SCL)  varying  from  3*5  to  7  A  (see  Ref  [22]). 

3.2.2.  IR  investigations  -  The  absorption  coefficient  spectra  obtained  and  an 
assignment  of  the  separated  IR  bands  are  given  in  Fig.  5  and  Table  2, 
respectively.  Most  of  the  separated  bands  are  caused  by  several  borate  groupings 
depending  on  metal  oxide  oncentration.  In  comparison  to  strontium  borate 
glasses  the  bands  1  and  2  in  the  spectra  of  the  lead  containing  glasses  appear 
at  lower  frequencies  whilst  the  band  3  appears  at  higher  frequencies.  The 
dependence  of  the  band  intensities  on  metal  oxide  content  are  given  in  Fig.  6 
and  show  differences  concerning  bands  3,  4  and  5  [23].  The  high  intensity  of 


Table  2 

Assignment  of  the  infrared  bands  in  the  spectra  of  strontium  and  lead  borate  glasses. 


Band  No. 

Frequency  range  (cm 

Strontium  borate  Lead  borate 

Assignment 

1 

1450... 1480 

1410... 1475 

penta-,  meta-  and  pyroborate  units 

2 

1345.. .1365 

1290... 1360 

penta-,  tri-,  di-,  pyro-  and  orthoborate  units 

3 

1170...1225 

1190.. .1240 

boroxol  rings,  penta-  and  triborate  units, 
metaboiate  chains,  (pyro-)  and  orthoborate  units 

4 

1060... 1080 

1040...  1100 

penta-,  tri-,  and  pyroborate  units 

5 

955.. .975 

920...975 

di-  and  triborate  units  (pentaborate) 
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Fig.  6.  IR  band  integrals  of  borate  structural  units  versus  strontium  and  lead  oxide  content 

(series  SB  A,  PBA). 

band  3  (curve  3)  assigned  to  ortho-,  pyro-  and  chain  metaborate  units  of  glasses 
containing  more  than  50  mol%  SrO  is  evident.  Bands  in  the  region  of  690... 770 
cm“^  and  550... 630  cm“’  are  due  to  bending  vibrations  of  various  borates  and 
isolated  BO3". 

4.  CONCLUSIONS 

From  EXAFS  experiments  it  was  concluded  that  strontium  is  incorporated  over 
the  \^hole  glass  forming  range  in  SrO^  octrahedra  and  acts  as  a  network  modifier. 
Low  frequency  Raman  and  IR  measurements  of  high  lead  oxide  containing  glasses 
indicate  Pb04  tetrahedra  and  confirm  their  network  former  function.  Raman  and 
IR  investigations  show  that  glasses  of  low  metal  oxide  content  contain  mainly 
boroxol  rings  and  borate  rings  with  one  or  two  BO4  units.  The  structure  of  stron¬ 
tium  borate  glasses  of  high  metal  oxide  concentration  is  dominated  by  pyro-  and 
orthoborates,  whereas  lead  borate  glasses  include  various  and  larger  groupings. 
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Institute  of  Glass  Engineering  and  Science,  NYS  College  of 
Ceramics  at  Alfred  University,  Alfred,  NY  14802,  USA 


Raman  spectroscopy  provides  a  powerful  tool  for  investigating  the  network 
of  borate-containing  glasses,  particularly  in  the  borate  portion  of  the  glasses. 
This  paper  will  deal  with  the  structural  information  that  can  be  obtained  in- 
situ  from  Raman  spectra  of  borate-containing  glasses  at  high  temperatures 
and  specifically  considers  Raman  spectral  information  that  was  obtained 
for  B2O3 ,  borosilicate,  borogermanate  and  borosilicogermanate  glasses  pos¬ 
sessing  larger  concentrations  of  boron  oxide,  along  with  sodium  borate  and 
borosilicate  glasses.  At  room  temperature,  such  glasses  which  possess  a  high 
concentration  of  B2O3  contain  a  large  number  of  superstructural  units  with 
tri-coordinated  and/or  tetra-coordinated  boron  atoms  whose  amounts  de¬ 
pend  upon  the  metal  oxide  content.  Raman  spectra  clearly  indicate  that  such 
boroxol-type  rings  break  up  as  the  temperature  increases,  forming  probably 
chains  or  isolated  groups. 


1,  INTRODUCTION 

Variations  in  the  network  structure  of  glasses  can  alter  their  physical  and 
chemical  properties.  Borate-containing  systems  provide  glass  compositions 
which  can  undergo  glass  structural  changes  with  changes  in  temperature.  This 
paper  will  investigate  the  structural  changes  that  can  occur  for  various  borate- 
containing  glasses  (particularly  in  the  borate  network)  with  respect  to  changes 
in  heat  treatment  temperature  as  indicated  by  changes  in  their  Raman  spectra. 

2.  EXPERIMENTAL  CONSIDERATIONS 

The  nature  of  the  cells  that  were  used  for  measuring  the  Raman  spectra  of 
glass  specimens  at  high  temperatures  was  critical.  Two  types  of  cells  that  have 
been  used  for  measuring  the  spectra  were  the  wire  wound  furnace  cell  and  the 
platinum  resistance  strip  cell.  A  schematic  diagram  illustrating  the  wire  wound 
furnace  cell  is  shown  in  Fig.  1.  A  fused  silica  tube  (1-5  cm  diameter  and  7-0  cm 
height)  was  wrapped  with  kanthal  wire  with  approximately  10  winds  per  inch. 
The  silica  tube  was  insulated  with  a  layer  of  refractory  cement  and  glass  wool. 
The  sample  was  placed  on  an  aluminum  platform  in  the  furnace,  and  the  scat¬ 
tered  radiation  was  collected  through  the  window.  The  cell  was  precalibrated, 
and  the  current  was  controlled  by  a  variac.  The  temperature  could  be  controlled 
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Figure  1.  Schematic  diagram  of  wire  wound  furnace  cell. 

within  3®C.  The  temperature  during  the  spectral  measurements  was  monitored 
by  a  thermocouple  which  was  placed  on  the  glass  surface.  The  platinum  resist¬ 
ance  strip  cell  is  illustrated  in  Fig.  2.  The  cell  consisted  of  a  brass  jacket  with  an 
internal  water  channel  for  cooling  the  jacket.  Openings  were  made  in  the  walls 
of  the  jacket  at  90®  to  each  other  so  that  the  incident  laser  radiation  could  enter 
the  cell,  and  the  scattered  radiation  can  come  out.  Samples  were  placed  on  a 
platinum  strip  ~10  cm  wide  and  30  mm  long.  The  platinum  strip  was  heated 
directly  by  passing  electrical  current  through  it.  Electrical  current  controlling 
the  temperature  was  supplied  through  a  variastat.  Insulated  copper  bases  were 
used  to  couple  the  power  leads  to  the  platinum  strip.  Sample  temperatures  were 
monitored  using  two  S-type  thermocouples,  with  one  being  placed  at  the  plati¬ 
num  strip  and  the  other  being  placed  on  top  of  the  glass  sample. 

3.  RAMAN  SPECTRA  OF  B2O3  GLASS  AT  HIGH  TEMPERATURE 

The  structure  of  vitreous  and  molten  B2O3  have  been  a  subject  of  contro¬ 
versy  since  Zacharisen’s  classic  paper[l].  However,  the  x-ray  work  of  Mozzi  & 
Warren  [2]  has  virtually  established  that  the  glass  contains  BO3  triangles  which 
share  apical  oxygen  atoms  to  form  boroxol  rings  (B3O6  units  containing  B3O3 
rings).  The  structural  changes  that  occur  in  molten  B2O3  have  been  uncertain 
[3]  and  questioned.  However,  it  has  been  known  from  the  study  of  Young  & 
Westerdahl  [4]  that  the  integrated  Raman  band  intensity  at  ~801  cm“^  decreases 
with  heat  treatment  temperature  rise  to  800°C  and  beyond.  These  spectral  data 
indicate  that  a  breakdown  of  boroxol  rings  occurs  at  elevated  temperatures,  in 
agreement  with  Strong’s  high-temperature  x-ray  data  [5].  Walrafen  et  al  inves¬ 
tigated  the  high-temperature  Raman  spectra  of  vitreous  and  molten  B2O3  [6,7] 
in  order  to  obtain  information  concerning  this  boroxol  ring  breakdown  with 
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Figure  2.  Schematic  diagram  of  platinum  resistance  strip  cell. 


increasing  temperature,  and  to  determine  the  energy  involved  in  the  break¬ 
down.  They  measured  the  intensity  ratio  between  the  bands  associated  with 
the  boroxol  breathing  mode  at  801  cm"^  with  respect  to  treatment  temperature. 
These  data  were  plotted  as  an  Arrhenius  type  equation  that  was  developed  by 
Young  &  Westerdahl  [4].  From  this  equation,  the  calculated  enthalpy  of  ring 
rupture  was  6-4±0*4  kcal/mol  boroxol  ring  [6].  A  later  study  by  Walrafen  et  al. 
[7],  using  also  a  Bose-Einstein  correction  and  neutron  data,  improved  the  cal¬ 
culated  value  to  5*0  kcal/mol  boroxol  ring.  The  latter  paper  also  investigated 
the  nature  of  the  low-wavenumber  Raman  bands  observed  for  B2O3.  Hassan  et 
al  [8]  have  conducted  a  similar,  related  Raman  spectral  study  of  B2O3  glass  at 
high  temperatures  (upto  1273  K).  They  related  changing  Raman  bands  in  the 
1000-1600  cm"^  range  with  temperature  change  to  the  disruption  of  the  borate 
rings.  They  [9]  also  noted  that  the  low-wavenumber  boson  peak  showed  differ¬ 
ent  temperature  behavior  which  mirrored  that  of  the  sound  velocity. 

4.  RAMAN  SPECTRA  OF  BOROSILICATE  GLASSES  AT  HIGH 
TEMPERATURES. 

Furukawa  &  White  investigated  B203-Si02  glasses  which  were  heat  treated 
at  different  temperatures  and  for  different  periods  in  time  [10].  The  intensity 
ratio  of  the  boroxol  ring  mode  at  810  cm"^  with  respect  to  the  silicate  bending 
mode  at  '■*-475  cm"^  depended  upon  the  thermal  history  and  composition  of 
the  glass.  The  intensity  ratio  versus  heat- treatment  temperature  curve  exhib¬ 
ited  a  maximum  in  the  glass-transition  temperature  range.  Raman  spectra  were 
measured  at  high  temperatures  for  50B203.50Si02  glass  during  both  the  heat¬ 
ing  and  cooling  cycle  (between  room  temperature  and  600°C).  Above  ~300°C, 
with  increasing  temperature,  the  relative  intensity  of  the  band  at  810  cm~^  de¬ 
creased.  This  change  reversed  with  decreasing  temperature.  The  reversible 
change  of  intensity  for  the  breathing  mode  was  interpreted  as  a  reversible  for- 
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Figure  3.  Raman  spectra  of  air-quenched  35Ge02.65B203  glass  at  various  temperatures 

during  the  heating  cycle. 

mation  and  decomposition  of  boroxol  rings  with  temperature.  Such  a  reaction 
becomes  very  sluggish  below  the  glass  transition  so  that  the  intensity  ratio 
stayed  constant  below  300°C. 

5.  RAMAN  SPECTRA  OF  BOROGERMANATE  AND 
BOROSILICOGERMANATE  GLASSES  AT  HIGH  TEMPERATURES. 

Chakraborty  &  Condrate  [11,12]  investigated  the  Raman  spectra  of  various 
glass  compositions  in  the  B203-Ge02  and  B203-Ge02-Si02  systems  at  high  tem¬ 
peratures.  Fig.  3  illustrates  the  Raman  spectra  of  air  quenched  35Ge02.65B203 
at  different  elevated  temperatures.  The  intensity  of  the  boroxol  breathing  mode 
at  808  cm"^  dramatically  decreases  relative  to  the  band  at  '^450  cm“^  (primarily 
due  to  Ge-O  motion)  with  increase  of  the  temperature  above  300°C.  The  half¬ 
width  of  the  band  at  808  cm”^  increases  with  increasing  temperature.  The  latter 
effect  is  due  to  an  increase  in  thermal  disorder  of  the  structural  units  with 
increasing  temperature.  The  Raman  band  also  shifts  to  lower  wavenumbers 
with  increase  in  temperature  due  to  network  expansion.  Reverse  spectral  ef¬ 
fects  have  been  observed  during  the  cooling  cycle  of  the  sample. 

As  noted  earlier,  the  decrease  in  intensity  of  the  Raman  band  in  the  region 
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Figure  4.  Room-temperature  Raman  spectra  of  air-quenched  40B203.60Ge02  glass  treated  at 
different  elevated  temperatures  for  24  h  before  requenching. 

of  808  cm“^  with  increasing  temperature  can  be  associated  with  a  decrease  in 
the  boroxol  ring  concentration.  The  enthalpy  for  rupture  of  such  rings  can  be 
determined  using  an  equation  similar  to  the  one  that  Walrafen  et  al  used  in 
calculations  for  B2O3  glass  [6].  Using  the  I8O8/I450  integrated  intensity  ratio  as 
the  variable  parameter,  one  obtains  an  enthalpy  of  7*7  kcal/mol  which  is  com¬ 
parable  to  the  value  observed  for  B2O3  glass  (6-4±0*4  kcal/mol)  [6].  The  former 
value  is  probably  higher  due  to  the  higher  viscosity  of  the  borogermanate  glass 
and  the  narrower  temperature  range  used  for  the  calculation. 

Due  to  variations  of  the  borate  network  structure  with  heat  treatment  tem¬ 
perature,  the  structure  of  an  air-quenched  borogermanate  glass  at  room  tem¬ 
perature  can  vary  depending  upon  the  temperature  from  which  the  resulting 
glass  is  quenched.  Fig.  4.  illustrates  the  Raman  spectra  of  an  air  quenched 
40Ge02.60B203  glass  composition  which  has  been  retreated  at  different  elevated 
temperatures  for  24  h  before  it  was  requenched.  No  noticeable  changes  were 
observed  in  relative  intensity  of  the  band  at  808  cm“^  below  250°C.  However,  an 
increase  in  intensity  of  this  band  is  observed  for  the  glass  treated  above  330°C. 
The  relative  intensity  of  the  band  at  808  cm"^  decreases  dramatically  compared 


168 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Figure  5.  The  Isos/Tso  ratio  for  40  GeO2.60  B2O3  glass  heat  treated  at  different  temperatures 

for  different  periods  of  time. 

to  the  germanate  band  at  ~430  cm"^  This  indicates  that  the  boroxol  ring  concen¬ 
tration  in  the  resulting  quenched  glasses  goes  through  a  maximum  at  approxi¬ 
mately  Tg  for  these  glasses  under  the  given  conditions  of  heat  treatment. 

Raman  spectra  were  measured  at  room  temperature  for  40Ge02.60B203 
glasses  after  the  air-quenched  glasses  were  treated  at  310°C  for  different  peri¬ 
ods  of  time.  The  relative  intensity  of  the  band  at  808  cm"^  increases  dramati¬ 
cally  with  treatment  time  (see  Fig.  5).  The  rapid  increase  in  intensity  indicates 
an  increase  in  the  boroxol  ring  concentration.  However,  after  approximately 
12  h  of  heat  treatment,  the  increase  in  intensity  ceases,  indicating  the  approxi¬ 
mate  attainment  of  an  equilibrium  involving  the  boroxol  rings.  The  effect  of 
heat  treatment  at  430°C  was  also  investigated.  The  glass  samples  in  this  experi¬ 
ment  were  preheated  at  a  temperature  close  to  Tg  (430®C)  for  48  h  to  obtain  the 
initial  boroxol  concentration.  In  this  experiment,  the  boroxol  ring  concentra¬ 
tion  attains  approximate  equilibrium  in  8  h.  As  would  be  expected,  the  equilib¬ 
rium  concentration  at  430°C  is  much  lower  that  at  310°C. 

Similar  Raman  spectra  studies  were  conducted  for  borosilicogermanate  glass  com¬ 
positions  [12].  The  concentrations  of  the  boroxol  rings  also  decreased  in  these  glass 
compositions  with  increasing  heat  treatment  temperature.  Their  enthalpies  of  ring 
rupture  calculated  from  Raman  spectral  intensities  possessed  a  similar  magnitude  to 
those  of  the  other  investigated  boron-oxide  containing  glass  compositions. 

6.  RAMAN  SPECTRA  OF  SODIUM  BORATE  AND  BOROSILICATE 
GLASSES  AT  HIGH  TEMPERATURES 

Furukawa  &  White  [13]  investigated  the  high-temperature  Raman  spectra 
of  alkali  borate  glasses.  The  spectra  varied  with  temperature  but  no  abrupt 
changes  were  observed  at  any  temperature.  The  wavenumber  shifts,  band  broad- 
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Figure  6.  Raman  spectra  of  a  sodium  borosilicate  glass  composition  (20-65-15,  20  mol% 
Na20-65  mol%  B2O3-I5  mol%  Si02)  with  Tg  of  480°C  at  different  temperatures. 

ening  and  changes  of  the  intensity  ratio  of  the  805  and  770  cm~^  bands  that  are 
associated  with  the  breathing  modes  of  boroxol  and  triborate  rings  respec¬ 
tively,  were  interpreted  in  terms  of  the  thermal  expansion  of  boron-oxygen 
bonds  as  well  as  configurational  rearrangements  of  the  boron  oxide  network. 
They  noted  that  the  triborate  rings  were  more  persistent  with  increasing  tem¬ 
perature  than  boroxol  rings.  Some  rearrangement  of  the  borate  groups  may 
occur  above  the  glass  transition  temperature. 

Raman  spectra  which  were  obtained  for  selected  sodium  borosilicate  glass 
compositions[14]  will  be  discussed  on  the  basis  of  the  glass  structure.  Band  fea¬ 
ture  changes  can  be  noted  during  in-situ  spectra  measurements,  with  changes  in 
heat  treatment  temperature  for  the  Raman  bands  at  ~740-780  cm“^  that  are  as¬ 
sociated  with  3-membefed  rings  possessing  one  or  more  four-coordinated  boron 
atoms.  Fig.  6  illustrates  the  Raman  spectra  for  a  glass  composition  which  in¬ 
volves  a  boron  oxide  network  containing  mainly  triborate  rings  possessing  only 
one  four-coordinated  boron  atom.  The  room-temperature  Raman  spectrum 
possesses  a  band  in  the  480^90  cm"^  region  that  is  associated  with  the  bending 
vibrations  of  silicate  tetrahedra  along  with  a  band  at  ~767  cm“^  that  is  associated 
with  the  breathing  vibration  of  the  borate  rings.  The  Raman  spectral  data  clearly 
indicate  that  the  concentration  of  the  borate  rings  decreases  on  passing  through 
the  melting  temperature.  The  rings  probably  breakdown  into  chains  or  isolated 
BO3  units.  This  ring  breakdown  is  reversible.  Upon  cooling  this  glass  composi¬ 
tion  through  the  softening  point,  the  concentration  of  the  ring  species  again 
increases.  Fig.  7  illustrates  the  Raman  spectra  for  a  sodium  borosilicate  glass 
composition  (30-55-15)  also  containing  mainly  diborate  rings  Its  borate  ring 
breathing  mode  is  located  at  753  cm~^  This  difference  in  wavenumber  location  is 
due  to  another  three-coordinated  boron  atom  being  replaced  by  a  four-coordi¬ 
nated  boron  atom  in  the  boron-oxide  ring  with  Na20  addition.  The  intensity  of 
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Figure  7.  Raman  spectra  of  a  30-55-15  sodium  borosilicate  glass  composition  with  TgOf 

491°C  at  different  temperatures. 

this  Raman  band  (associated  with  a  ring  breathing  mode)  with  respect  to  that 
for  the  silicate  bending  mode  decreases  with  increasing  heat  treatment  tempera¬ 
ture,  indicating  a  decrease  in  the  concentration  of  the  latter-mentioned  borate 
rings.  It  is  also  interesting  to  note  that  the  wavenumbers  of  the  boron-oxide  ring 
breathing  modes  decrease  as  the  heat  treatment  temperature  increases.  This  shift 
in  wavenumber  is  due  to  an  expansion  of  the  borate  portion  of  the  network  with 
^  increasing  temperature.  Fig.  8  illustrates  the  Raman  spectra  for  a  glass  composi¬ 
tion  (40-35-25)  containing  a  smaller  amount  of  B2O3.  As  noted  for  other  glass 
compositions,  the  intensity  of  the  ring  breathing  mode  decreases  with  respect  to 
the  silicate  bending  mode,  indicating  a  decrease  in  the  concentration  of  the  bo¬ 
rate  ring  species.  For  this  composition,  the  increase  in  intensity  of  the  Raman 


Figure  8.  Raman  spectra  of  a  40-35-25  sodium  borosilicate  glass  composition  with  Tg  of 

437°C  at  different  temperatures. 
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bands  at  ~634  and  720  cm“^  may  also  be  noted  with  increasing  treatment  tem¬ 
perature.  Such  Raman  bands  appear  for  metaborate  chains.  Apparently  at  this 
glass  composition,  a  sufficient  number  of  such  types  of  chain  species  are  formed 
so  that  they  are  detectable  in  the  Raman  spectra. 

7.  CONCLUSIONS 

The  following  conclusions  can  be  made  on  the  basis  of  the  spectral  studies 
considered  in  this  presentation: 

(1)  Structural  changes  can  be  determined  for  borate-containing  glasses  from 
Raman  spectra  with  changes  in  temperature. 

(2)  A  decrease  in  concentration  of  3 -member ed  rings  can  be  seen  with  increasing 
temperature  for  B2O3,  borosilicate,  borogermanate  and  borosilicogermanate 
glasses.  Current  literature  [6-14]  suggests  that  this  is  due  to  formation  of  isolated 
trigonal  borate  units  or  borate  chains.  An  alternate  interpretation  involves  the 
boroxol-type  rings  breaking  and  forming  larger  rings.  A  distant  alternative  is 
that  the  structure  of  the  rings  is  being  distorted  with  increasing  temperatures. 
However,  in  this  case,  very  strong  structural  distortions  have  to  occur  for  the 
observed  spectral  changes. 

(3)  The  enthalpies  of  ring  rupture  of  boroxol  rings  in  all  of  the  investigated 
boron-oxide  containing  glass  compositions  are  comparable  to  those  for  B2O3 
glass.  Slight  differences  might  be  due  to  differences  in  their  structural 
environment. 

(4)  A  decrease  in  the  concentration  of  3-membered  rings  involving  one  or  more 

four-coordinated  boron  atoms  can  be  seen  with  increase  in  temperature  for  sodium  < 

borate  and  borosilicate  glasses  containing  higher  concentrations  of  B2O3. 

(5)  Other  changes  in  borate  network  structure  can  be  seen  with  changes  in 
temperature  for  sodium  borosilicate  glasses  with  lower  concentrations  of  B2O3. 
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The  Ols  photoelectron  spectra  in  binary  borate  glasses  show  lower  binding 
energy  shift  with  increasing  alkali  or  alkaline  earth  oxide  content.  For 
xLi20(100-x)B203  the  Ols  peaks  consist  of  only  one  component  up  to  x=51-9 
mol%  Li20.  For  xCs20(100-x)B203,  on  the  other  hand,  the  Ols  peak  is  sepa¬ 
rated  into  bridging  oxygen  (BO)  and  non-bridging  oxygen  (NBO)  contribu¬ 
tions  above  x=36-8  mol%.  The  formation  of  tetrahedral  [BO4]"  units  becomes 
more  favourable  compared  with  the  formation  of  NBOs  as  the  alkali  ion 
size  decrease.  The  Ols  chemical  shifts  of  core-level  electrons  were  roughly 
interpreted  by  an  empirical  expression  for  the  optical  basicity  of  oxides,  in 
which  a  linear  correlation  was  found  between  the  Ols  chemical  shift  and  the 
basicity.  Clear  photoelectron  spectra  near  the  valence  level  were  obtained 
and  compared  with  a  molecular  orbital  calculation. 


1.  INTRODUCTION 

It  is  well  known  that  the  introduction  of  alkali  oxide  into  B2O3  glass  initially 
results  in  the  presence  in  the  glass  structure  of  some  tetrahedral  BO4  units 
containing  only  bridging  oxygens  (BOs).  The  ^^B  nuclear  magnetic  resonance 
(NMR)  studies  by  Bray  et  al  [1-3]  have  revealed  the  environments  of  boron 
atoms  in  several  glasses  as  a  function  of  composition.  Their  earlier  studies  sug¬ 
gested  that  non-bridging  oxygens  (NBOs)  do  not  occur  for  alkali  oxide  concen¬ 
tration  (or  alkaline  earth  oxide  concentration)  less  than  about  33  mol%.  However, 
later  results  from  infrared  reflection  spectra  and  Raman  studies  [4-6],  as  well  as 
NMR  [7],  show  that  as  the  alkali  ionic  radius  increases  there  is  a  correspond¬ 
ing  increase  in  the  effective  charge  on  the  alkali  cation.  Thus,  as  the  alkali  ionic 
radius  increases,  there  is  a  corresponding  decrease  in  the  minimum  alkali  con¬ 
centration  for  which  there  is  a  significant  number  of  NBOs. 

X-ray  photoelectron  spectroscopy  (XPS)  is  one  of  the  most  effective  tech¬ 
niques  for  the  characterization  of  the  electronic  structures  of  materials.  Since 
the  pioneering  study  by  Bruckner  et  al  [8],  XPS  has  often  been  used  to  investi¬ 
gate  glass  structure.  Kaneko  et  al  [9]  have  measured  the  Ols  photoelectron  spec¬ 
tra  for  binary  alkali  borate  glasses  by  using  a  non-monochromatic  Mg-Ka  X-ray 
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source.  They  report  that  the  Ols  binding  energies  of  alkali  borate  glasses  de¬ 
crease  with  increasing  alkali  oxide  content.  The  determination  of  the  NBO/BO 
ratio,  however,  was  not  performed  successfully.  In  recent  years,  XPS  devices 
equipped  with  a  monochromatic  Al-Ka  X-ray  source  were  developed  to  obtain 
high  resolution  spectra  without  satellite  peaks  and  background  noises  for  con¬ 
ducting  materials,  such  as  metals  and  semiconductors.  In  the  case  of  insulating 
materials  like  glasses,  however,  the  charge-up  problem  is  unavoidable  even  when 
a  conventional  neutralization  method,  such  as  a  flood  gun,  is  applied.  The  au¬ 
thors  have  discovered  that  a  new  charge  control  method  using  not  only  the  flood 
gun  but  also  a  metal  mesh  screen  gives  clear  spectra  for  non-conducting  glasses 
[10].  For  Si02  glass  (Corning  #7940),  a  sharp  Ols  peak  with  1  -4  eV  full  width  at 
half  maximum  (FWHM)  was  observed.  This  novel  charge  control  method  has 
been  applied  to  the  XPS  measurements  for  binary  alkali  and  alkaline  earth  bo¬ 
rate  glasses  reported  here. 

The  variations  in  Ols  photoelectron  spectra  with  the  content  of  alkali  and 
alkaline  earth  oxides,  such  as  chemical  shift  and  peak  splitting,  are  discussed 
based  on  an  optical  basicity  concept  proposed  by  Duffy  &  Ingram  [11]  and  on 
glass  structures. 

2.  EXPERIMENTAL 

2.1.  Glass  Preparation 

The  samples  used  were  the  binary  alkali  and  alkaline  earth  borate  glasses  in 
the  systems  R2O-B2O3  (R=Li,  Na,  K,  Rb  and  Cs)  and  MO-B2O3  (M=Mg,  Ca, 
Sr  and  Ba).  The  glasses  were  prepared  from  the  mixtures  of  reagent  grade 
alkali  or  alkaline  earth  carbonates  and  B2O3.  Each  batch  was  melted  in  a  plati¬ 
num  crucible  for  30  minutes  in  air  at  1 100-1200°C  and  quenched  between  two 
stainless  steal  plates.  In  this  paper,  the  chemical  analyzed  compositions  were 
used  for  the  discussions. 

2.2.  XPS  Measurement 

A  Fisons  Instruments  “S-Probe  ESCA”  (SSXIOOS)  was  employed  for  the 
XPS  measurements.  Glass  samples  were  broken  under  ultra  high  vacuum 
(~7x  10~^  Pa)  and  the  fresh  surface  was  irradiated  by  a  monochromatic  Al-Ka 
X-ray  (1486-6  eV)  beam.  The  surface  charge  up  was  controlled  by  the  com¬ 
bined  use  of  a  low  energy  electron  flux  and  an  electrically  grounded  Ni  mesh 
screen  positioned  about  1mm  above  the  sample  surface  [10,  12].  The  photo¬ 
electron  spectrometer  was  calibrated  by  using  the  Au4f7/2  binding  energy  (83-96 
eV)  for  the  etched  surface  of  an  Au-metal  reference  sample;  The  measured  Cls 
binding  energy  for  hydrocarbon  impurities  accumulated  on  the  Au-metal  sur¬ 
face  in  the  vacuum  was  calibrated  as  284-6  eV  Since  the  Cls  peak  was  hardly 
detected  for  the  fresh  glass  surface  just  after  being  fractured  in  a  vacuum,  the 
correction  of  the  binding  energies  of  various  ions  in  the  glass  were  made  by 
referencing  the  measured  Cls  binding  energy  for  hydrocarbon  impurities  ac¬ 
cumulated  on  the  glass  surface  after  a  few  hours  in  a  vacuum  as  284-6  eV. 
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2.3.  Optical  Basicity 

Macroscopic  optical  basicity,  A,  was  calculated  from  the  following  equation 
[11],  which  represents  the  mean  (bulk)  basicity  of  a  matrix 


(1) 


where  z,  is  the  oxidation  number  of  the  fth  cation,  r,  is  the  ionic  ratio  of  the  i- 
th  cation  with  respect  to  the  total  number  of  oxide  ions  and  y,  is  the  basicity 
moderating  parameter,  y,=l  ’36(0, -0-26),  where  x,  is  the  Pauling  electronegativity. 

Microscopic  optical  basicity,  [1 1],  which  gives  the  basicity  of  an  individual 
oxide  in  an  oxyanion  group,  was  also  calculated  from  the  equation 


where  r/  is  the  ionic  ratio  in  an  oxyanion  group. 


(2) 


3.  RESULTS  AND  DISCUSSION 

3.1.  The  Ols  Core-level  Photoelectron  Spectra 

Fig.  1  shows  the  Ols  photoelectron  spectra  of  xLi20(100-x)B203, 
xCs20(100-x)B203  and  xBaO(100-x)B2O3  glasses  obtained  by  XPS  measure¬ 
ments.  No  satellite  peaks  appear  in  any  of  the  spectra.  For  the  xLi20(100-x)B203 
system,  the  Ols  spectra  consist  of  only  one  component  up  to  x=51-9  mol%. 
For  xCs20(100-x)B203  and  xBaO(100-x)B2O3  system,  on  the  other  hand,  the 
Ols  spectra  were  successfully  separated  into  two  components  attributed  to 
bridging  oxygens  (BOs)  and  non-bridging  oxygens  (NBOs)  above  x>36-8  and 
x>42'7  mol%,  respectively.  Table  1  shows  the  NBO/BO  ratio  calculated  by  Ols 


(a)  (b)  (c) 
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Binding  energy  /eV  Binding  energy  /eV  Binding  energy  /eV 

Fig.  1.  Ols  photoelectron  spectra  for  the  glasses,  (a)  xLi20(100-x)B203, 

(b)  xCs20(100-x)B203  and  (c)  xBaO(100-x)B2O3, 
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Table  1 

NBO/BO  Ratio  of  Na20-,K20-,  Rb20-,  Cs20~  and  Ba0-B203. 


Glass 

Peak  Area  of  BO/%  ( ±  2  %) 

Peak  Area  of  NBO/%  (  ±  2  %) 

41-3Na2058-7B20j 

85 

15 

34-3K2065-7B203 

92 

8 

32-8Rb2067-2B203 

96 

4 

37-7Rb2062-3B203 

94 

6 

39-5Rb2O60-5B2O3 

88 

12 

36-7CS2063-3B203 

97 

3 

38-2CS2061-8B203 

91 

9 

401CS2O59-9B2O3 

75 

25 

42-7Ba057'3B,0, 

93 

7 

peak  deconvolution  for  some  binary  alkali  and  alkaline  earth  borate  glasses 
with  higher  modifier  oxide  concentration.  The  small  variation  in  glass  composi¬ 
tion  leads  to  large  change  in  the  NBO  ratio  because  of  the  steep  generation  in 
NBOs  in  the  region  of  high  modifier  oxide  concentration.  It  is  well  known  that 
the  addition  of  modifier  oxide  to  B2O3  glass  produces  the  tetrahedral  [B04/2]“ 
unit  and/or  NBO.  Thus,  it  is  expected  that  there  are  three  types  of  BOs: 
^>2/2®^^  “0-B^^^02/2,  02/2B^^^-0-B^'^^03/2  aud  03/2B^'‘^-0-B^'^^03/2.  However,  it  is  not 
appropriate  to  separate  the  BOls  (Ols  of  bridging  oxygen)  spectra  into  the 
components  attributed  to  them  because  a  single  Gaussian-Lorentzian  func¬ 
tion  completely  describes  each  observed  BOls  peak. 

Fig.  2  shows  the  Ols  spectra  for  4OR2O6OB2O3  (R=Li,  Na,  Rb  and  Cs)  and 
4OMO6OB2O3  (M=Mg,  Ca,  Sr  and  Ba)  glasses  (in  batch  composition).  For 
C^S20-,  Rb20-,  Na20-  and  Ba0-B203,  the  spectra  were  separated  into  two 
components  attributed  to  BOs  and  NBOs.  On  the  other  hand,  for  Li20-,  MgO- 
CaO-  and  Sr0-B203  glasses^  each  Ols  spectrum  consisted  of  onfy  one  compo¬ 
nent.  For  40R2O(or  MO)60B2O3  glasses  the  ratio  of  NBO/BO  decreased  as  the 
modifier  cation  size  decreased.  This  indicates  that  the  formation  of  [B04/2r  tet¬ 
rahedral  units  becomes  more  significant  compared  to  the  formation  of  NBOs  as 
the  cation  field  strength  of  the  modifier  ion  increases.  Chryssikos  et  al  [5]  have 
discussed  how  the  nature  of  the  alkali  cation  influences  the  equilibrium  between 
the  formation  of  [B04/2r  and  of  NBO.  The  competition  between  the  [BO4/2]” 
tetrahedron  and  the  BO2/2O"  triangle  depends  on  the  acidity  of  the  counter  cation 
[5].  With  decreasing  cation  field  strength,  the  cation  becomes  a  softer  Lewis  acid. 
Thus,  with  increasing  content  of  soft-acid  cation  such  as  Os'",  the  soft  cation 
favours  the  formation  of  BO2/2O"  which  is  a  soft-base,  and  hence  the  NBO  peak 
appeared  in  the  Ols  spectrum  for  CS2O-B2O3  glass  at  the  composition  with 
Cs2O^40mol%.  However,  a  hard-acid  cation  such  as  Lf  induces  the  formation 
of  the  [B04/2]“  tetrahedron  which  is  a  harder-base  than  the  BO2/2O-  triangle,  and 
hence  the  Ols  spectrum  consists  of  only  one  component  for  Li20-B203  glasses. 

It  is  well  known  that  the  Ols  chemical  shift  toward  lower  binding  energy  im¬ 
plies  an  increase  in  the  electron  charge  density  of  the  oxide  ions.  Therefore,  it  is 
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Fig.  2.  Ols  photoelectron  spectra  for  the  glasses,  (a)  4OR2O6OB2O3  (R=Li,  Na,  Rb  and  Cs), 
(b)  4OMO6OB2O3  (M=Mg,  Ca,  Sr  and  Ba)  in  batch  compositions. 


expected  that  a  quantitative  relationship  between  the  degree  of  Lewis  basicity  of 
the  oxide  ions  and  the  Ols  chemical  shift  of  the  ligand  oxide  ions  can  be  found, 
Kawazoe  [13]  has  successfully  applied  the  basicity  concept  of  oxides  to  explain 
chemical  shifts  in  X-ray  emission  in  various  oxide  glasses,  in  which  an  empirical 
expression  of  optical  basicity  proposed  by  Duffy  &  Ingram  [11]  was  used. 

Variations  in  Ols  photo-electron  spectra  with  the  content  of  the  alkali  and 
alkaline  earth  oxides,  such  as  chemical  shift,  were  also  estimated  based  on 
optical  basicity.  Fig.  3  shows  the  correlation  between  the  Ols  binding  energy 


Fig.  3.  Relation  between  Ols  binding  energy  and  macroscopic  optical  basicity  A  for  binary 
alkali  and  alkaline  earth  borate  glasses.  Ols  values  for  sodium  silicate  glasses  are  also  plotted. 
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Table  2 

Microscopic  Optical  Basicity  X  Given  by  Eq.  2  for  Individual  Oxides  in 
Borate  Glass  Networks. 


Structural 

bl 

b2 

b3 

b4 

b5 

unit 

B(3)*-0~B(3) 

B(3)-0-B(4) 

B(4)-0-B(4) 

B(3)-0 

B(4)-0 

f 

2/3 

1/3+ 1/4 

2/4 

1/3 

1/4 

X 

0-42 

0-50 

0-57 

0-71 

0*78 

*  Numbers  in  parentheses  represent  coordination  numbers 


of  the  binary  alkali  and  alkaline  earth  borate  glasses  and  the  calculated  mac¬ 
roscopic  optical  basicity  A.  In  this  figure,  Ols  values  for  sodium  silicate  glasses 

[10]  were  also  plotted  for  reference.  The  Ols  binding  energy  decreases  with 
increasing  A.  The  shift  shows  a  linear  correlation  of  Ols  binding  energy  with 
A  in  sodium  silicate  glasses,  but  binary  alkali  and  alkaline  earth  borate  glasses 
show  a  non-linear  correlation,  in  which  a  large  decrease  in  the  Ols  binding 
energy  can  be  seen  at  A~0-5. 

The  non-linear  chemical  shift  for  borate  glasses  cannot  be  explained  by  the 
macro-scopic  optical  basicity  A.  Since  A  is  directly  calculated  from  the  glass 
composition,  it  does  not  reflect  the  local  structure  in  the  matrix.  Duffy  &  Ingram 

[11]  have  given  a  convenient  concept  of  microscopic  optical  basicity,  X,  which 
gives  the  basicity  of  individual  oxide  ions  (eq,  2).  Thus  X  was  calculated  for 
some  typical  structural  units  in  borate  glasses  (Table  2).  Mean  microscopic 
optical  basicity,  X^,  was  calculated  using  the  following  equation 

^  (3) 


529.5 


530.5 


<D 

531.5  S 

be 

d 

532.5  ^ 

CO 

o 

533.5 

'^*^'^0  10  20  30  40  50 

R2O  content  x  /  - 

Fig.  4.  Variation  in  the  microscopic  optical  basicity,  and  experimental  Ols  binding  energy 
against  alkali  oxide  content  x  for  xLi20.(100-x)B203  glasses. 
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Fig.  5.  Near  valence  level  photo -electron  spectra  for  xNa20(100-x)B203  glasses. 

where  Cj  and  Xj  are  the  concentration  and  the  microscopic  optical  basicity  of  the 
yth  oxygen,  respectively.  In  this  calculation,  the  structural  units,  bl,  b2  and  b4  in 
Table  2,  were  assumed  to  be  present  in  borate  glass.  The  concentrations  of  the 
structural  units  were  determined  from  Ref  [1].  Figure  4  shows  the  variation  in 
the  calculated  optical  basicity  with  the  experimental  Ols  binding  energy. 
shows  a  good  correlation  with  the  Ols  binding  energy.  An  improvement  in  the 
best  fit  above  jc>30  in  the  xLi20.(100-x)B203  glass  would  be  achieved  by 
considering  the  presence  of  the  b3  unit  in  the  diborate  group.  The  concentration 
of  such  unit,  however,  could  not  be  estimated.  This  result  suggests  that  the 
microscopic  optical  basicity,  which  is  given  as  a  function  of  the  glass  structure,  is 
better  suited  to  express  the  chemical  shift  in  the  Ols  binding  energy. 

3.2.  The  Valence  Level  Photoelectron  Spectra 

Clear  photoelectron  spectra  near  the  valence  level  were  obtained.  Fig.  5  shows 
the  valence  level  photoelectron  spectra  for  xNa20(100-x)B203  glasses.  For  B2O3 
glass,  the  distinguishable  three  peaks  near  6, 11  and  15eV  are  obserbed.  With  in¬ 
creasing  Na20  content  the  peaks  become  gradually  obscure,  eventually,  the  peaks 
around  1 1  and  1 5eV  change  to  a  broad  plateau  above  x>30-7.  A  molecular  orbital 
calculation  was  applied  for  B2O3  glass  by  using  the  model  cluster  composed  of 
only  boroxol  ring.  The  peaks  near  6, 1 1  and  15  eV  were  assigned  to  02p  lone  pair 
electrons,  02p-B2p  p-bonding  and  02p-B2s  (or  B2p)  s-bonding  electrons,  re¬ 
spectively,  from  the  DV-Xoc  cluster  method  [14]  which  gives  a  reasonable  explana- 
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tion  for  the  measured  valence  band  photoemission.  However,  the  computer  simu¬ 
lation  of  the  valence  level  photoelectron  spectra  for  other  alkali  containing  glasses 
could  not  succeed  for  the  model  cluster  composed  of  only  boroxol  ring.  It  is  nec¬ 
essary  that  the  molecular  orbital  calculation  is  applied  by  using  the  new  model 
cluster  containing  both  several  BO3  and  BO4  units.  The  identification  of  electronic 
structure  in  the  valence  level  of  borate  glass  is  still  open  for  discussion.  The  highest 
occupied  molecular  orbital  (HOMO)  of  borate  glass,  in  general,  is  made  up  of 
02p  lone  pair  electrons.  Therefore  an  analysis  of  their  binding  energies  will  give 
important  hints  for  the  characterization  of  optical  properties. 

4.  CONCLUSIONS 

XPS  spectra  were  measured  for  binary  alkali  and  alkaline  earth  borate  glasses. 
The  charge  control  method  using  an  Ni-metal  mesh  screen  gave  clear  spectra  with 
no  satellite  peaks.  With  increasing  alkali  and  alkaline  earth  oxide  content,  the  01s 
photoelectron  spectra  in  binary  borate  glasses  show  a  lower  binding  eneigy  shift. 
The  01s  peaks  were  successfully  separated  into  two  components  assigned  to  bridg¬ 
ing  and  non-bridging  oxygens  for  glasses  with  either  a  high  concentration  of  net- 
work-modifier  or  with  a  ''soft”  cationic  acid  as  the  network-modifier.  The  formation 
of  [B04/2]~  tetrahedral  units  becomes  more  favourable  compared  to  the  formation 
of  NBOs  as  the  modifier  cation  size  decreases  An  empirical  expression  for  optical 
basicity  given  by  Duffy  and  Ingram  was  applied  to  explain  the  experimental  re¬ 
sults.  It  was  found  that  the  optical  basicity  concept  was  able  to  describe  the  XPS 
chemical  shifts.  Clear  photoelectron  spectra  near  the  valence  level  were  obtained 
and  compared  with  a  molecular  orbital  calculation.  The  calculation  gives  a  rea¬ 
sonable  explanation  for  the  measured  valence  band  of  B2O3  glass. 
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Ultrasonic  velocities  of  both  longitudinal  and  transverse  waves  in  alkali 
borate  glasses  have  been  measured  by  the  pulse-echo  overlap  method  at  a 
frequency  of  10  MHz  and  a  temperature  of  298  K  over  the  bulk-glass  for¬ 
mation  range  of  each  binary  system  X2M20.(1-X2)B203,  where  M  stands  for 
Li,  Na,  K,  Rb  and  Cs,  and  Xj  denotes  the  mole  fraction  of  M2O.  Each  of  the 
longitudinal  and  transverse  velocities  plotted  against  ^2  shows  the  following 
characteristics:  the  velocity  in  lithium  borate  glasses  increases  monotonously 
with  increasing  a:2;  the  velocity  in  sodium  and  potassium  borate  glasses  shows 
a  single  maximum;  the  velocity  in  rubidium  and  caesium  borate  glasses  shows 
a  maximum,  a  minimum  and  another  maximum  in  succession.  Elastic  prop¬ 
erties  for  the  extremes  of  lithium  borate  glasses  and  caesium  borate  glasses 
are  analysed  in  terms  of  the  elastic  constants  of  the  three  structural  units 
defined  as  B03,  M^B02O'  and  M^B0f,  where  0  represents  a  bridging  oxy¬ 
gen  and  O"  a  nonbridging  oxygen.  The  way  in  which  these  structural  units 
change  as  a  function  of  composition  is  discussed. 


1.  INTRODUCTION 

The  structure  and  properties  of  alkali  borate  glasses  are  of  special  interest, 
since  their  properties  plotted  against  their  respective  compositions  often  ex¬ 
hibit  maxima  or  minima  termed  “borate  anomalies”  [1].  The  structure  of  al¬ 
kali  borate  glasses  is  dependent  not  only  upon  the  content  of  alkali  metal  ions 
but  also  upon  the  difference  in  the  alkali  metal  ions  themselves  [2,3].  Since 
ultrasonic  velocity  is  sensitive  to  many  types  of  structural  changes,  it  would  be 
of  great  interest  to  study  the  velocity  of  sound  in  alkali  borate  glasses.  The 
velocity  of  sound  in  every  binary  system  of  lithium,  sodium,  potassium,  ru¬ 
bidium  and  caesium  borate  glasses  has  been  measured  [4-8]:  (i)  the  velocity  in 
lithium  borate  glasses  increases  monotonously  with  an  increase  in  the  content 
of  lithium  oxide,  (ii)  the  velocity  in  sodium  and  potassium  borate  glasses  shows 
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a  single  maximum,  (hi)  the  velocity  in  rubidium  and  caesium  borate  glasses 
exhibits  a  maximum,  a  minimum  and  another  maximum  in  succession.  Thus, 
the  velocity  of  sound  is  dependent  upon  the  content  and  the  kind  of  alkali 
metal  ions.  The  relationship  between  the  velocity  of  sound  and  the  structure  is 
analysed  in  terms  of  the  elastic  constants  of  three  structural  units  with  special 
reference  to  lithium  borate  glasses  and  caesium  borate  glasses.  From  the  elas¬ 
tic  constants  of  the  structural  units,  the  fraction,  of  boron  atoms  in  tetra¬ 
hedral  coordination  has  been  calculated  as  a  function  of  composition  to 
conclude  that  the  change  in  the  amount  of  each  structural  unit  causes  the 
anomalous  behaviour  of  ultrasonic  velocity  in  caesium  borate  glasses. 

2.  EXPERIMENTAL 

A  series  of  glasses  was  prepared  at  regular  intervals  of  0-02  mole  fraction 
through  the  bulk-glass  formation  range  of  each  binary  system  X2M20.(1-X2)B203, 
where  M  represents  Li,  Na,  K,  Rb  and  Cs,  and  X2  denotes  the  mole  fraction  of 
M2O.  All  the  glasses  were  prepared  with  high  homogeneity  and  without  strains 
or  bubbles  in  order  that  they  might  transmit  ultrasound  satisfactorily. 

Alkali  metal  hydroxide  MOH  and  boric  acid  H3BO3  were  used  as  the  start¬ 
ing  materials  for  M2O  and  for  B2O3,  respectively.  With  the  aim  of  preparing 
glasses  with  high  homogeneity,  the  starting  materials  were  initially  made  to 
react  in  an  aqueous  solution.  Amounts  of  the  starting  materials  calculated  to 
yield  20  to  34  g  in  the  melts  were  dissolved  in  a  beaker  made  of  polytetra- 
fluoroethylene  by  adding  distilled  water.  The  water  of  the  solution  was  evapo¬ 
rated  in  a  dry  box  to  obtain  a  chemically  reacted  powder. 

The  powder  was  fused  in  a  20  cm^  platinum  crucible  at  temperatures  from  900 
to  1300°C  for  about  4  h  by  heating  with  an  SiC  resistance  electric  furnace.  The 
liquid  was  then  poured  into  a  cylindrical  graphite  mould,  15  mm  in  diameter  and 
30  mm  deep,  which  had  been  preheated  at  300°C  in  an  electric  mufile  furnace. 
Subsequently,  the  cast  glass  in  the  mould  was  held  at  300°C  for  1  h,  then  cooled  at 
a  rate  of  1  K/min  to  room  temperature  while  passing  dry  nitrogen  through  the 
muffle  furnace.  The  residual  liquid  was  poured  onto  an  aluminium  plate  and  later 
used  for  chemical  analysis  and  for  differential  thermal  analysis  (DTA).  Each  cast 
glass  was  annealed  at  the  glass  transition  temperature  determined  by  DTA  [8]. 
The  actual  compositions  of  all  of  the  prepared  alkali  borate  glasses  were  deter¬ 
mined  by  a  potentiometric  titration  by  means  of  the  mannitol  method  [9].  The 
density  of  each  annealed  glass  was  measured  at  298  K  by  a  hydrostatic  weighing 
method  using  a  silicon  single  crystal  as  the  density  standard  [10]. 

Each  annealed  glass  was  ground  and  polished  to  give  a  pair  of  end  faces 
that  were  flat  and  parallel.  Inspection  with  a  strain  viewer  showed  that  all 
specimens  were  transparent  and  free  from  strain.  The  ultrasonic  travel  time 
was  measured  at  a  frequency  of  10  MHz  and  at  a  temperature  of  298  K  by 
means  of  the  pulse-echo  overlap  method  [11].  The  apparatus  used  was  con¬ 
structed  by  one  of  the  present  authors  and  the  electric  circuit  was  described  in 
a  previous  paper  [12].  X-cut  and  Y-cut  quartz  transducers  resonating  at  a  fun- 
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Fig.  1.  Velocity  of  sound  in  alkali  borate  glasses  plotted  against  xi.  The  upper  five  curves 
and  the  lower  five  curves  represent  the  longitudinal  waves  and  the  transverse  waves, 
respectively.  The  meanings  of  the  symbols  and  the  abbreviations  are,  for  example, 

+  VI  (LiB)  denotes  the  velocity  of  longitudinal  wave  in  lithium  borate  glasses, 

♦  Vt  (CsB)  denotes  the  velocity  of  transverse  wave  in  caesium  borate  glasses. 

damental  frequency  of  10  MHz  were  used  for  the  longitudinal  wave  and  for 
the  transverse  wave,  respectively.  The  transducer  was  bonded  to  the  specimen 
on  one  of  the  two  parallel  faces  with  phenyl  benzoate  [13]  and  used  for  both 
generation  and  detection  of  ultrasound.  In  order  to  measure  the  ultrasonic 
travel  time  within  an  error  of  0-02%  for  round  trips  greater  than  5  ps,  adjacent 
two  echoes  were  overlapped  according  to  the  McSkimin  criterion  [14,15]. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  longitudinal  velocity,  Fi,  and  the  transverse  velocity,  Ft, 
of  alkali  borate  glasses  plotted  against  X2.  The  relationship  between  the  elas¬ 
ticity  and  the  structure  of  alkali  borate  glasses  is  analysed  in  the  following  in 
terms  of  the  three  structural  units  defined  as  B03,  M'^B02O“  and  M^B04, 
where  0  represents  a  bridging  oxygen  and  0“  a  nonbridging  oxygen,  on  the 
assumption  that  these  structural  units  exhibit  their  inherent  elastic  properties 
and  hence  have  their  respective  elastic  constants.  The  elastic  constants  of  the 
structural  units  in  alkali  borate  glasses  have  been  defined  in  previous  papers 
[6-8]  on  the  basis  of  a  thermodynamic  equation  of  a  deformed  body  so  that 
only  the  final  formulations  are  given  in  the  following. 

For  simplicity,  we  write  the  three  structural  units  as  B02=a,  M^B02O~=b 
and  M^B04“=c.  Let  Mm20  and  Mb20^  be  the  molar  masses  of  the  component 
M2O  and  the  component  B2O3,  respectively.  Then  the  molar  mass,  Ms,  which 
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always  contains  unit  amount  of  the  structural  units  a,  b  and  c  is  defined  as 


^  2(1- X,) 

f 


+  (l  ^2  )'^B20j  } 


2  ^2 
V  1-^2 


K  + 


^1-^2 


-N, 


M^  +  N,M, 


(1) 


where  M^,  and  are  the  molar  masses  of  the  structural  units  a,  b  and  c, 
respectively,  and  is  the  fraction  of  boron  atoms  in  tetrahedral  coordination.  The 
elastic  constants  E^,  and  E^  of  the  structural  units  a,  b  and  c  are  defined,  respectively, 
as  the  second  order  derivatives  of  the  molar  internal  eneigies  of  these  units  with 
respect  to  the  Lagrangian  strain.  Finally,  the  required  equation  is  written  as 


1- 


1-x 


2  7 


vl-^2 


-N, 


E,+N.E. 


(2) 


where  V  is  the  velocity  of  sound. 

The  elastic  property  of  alkali  borate  glasses  has  been  analysed  on  the  basis 
of  Eq.  (2).  In  the  following,  the  analyses  for  the  extremes  of  lithium  borate 
glasses  and  caesium  borate  glasses  are  shown. 


3.1.  Lithium  Borate  Glasses 

An  NMR  study  on  lithium  borate  glasses  by  Jellison,  Feller  &  Bray  [16]  ^ 

showed  that  for  0<X2<0'28  and  7V4<X2/(1-X2)  for  X2>0'28.  These 

findings  were  also  ascertained  by  Kamitsos  &  Chryssikos  from  infrared  spec¬ 
troscopy  [2].  We  can  therefore  assume  that  the  relation  of  A4=X2/(1-X2)  holds 
in  the  composition  range  ()<X2<0-28  and  thus  in  the  range  0<X2/(l-X2)<0-39. 
Substitution  of  N^^xJil-x^  into  Eq.  (2)  give 


Mr 


\-x 


2  7 


1-x^ 


(3) 


so  that  a  plot  of  Mr  against  X2/(l-X2)  should  be  a  single  straight  line  in  the 
composition  range  0<X2/(l-X2)<0-39. 


Table  1 

Elastic  Constants  of  Three  Structural  Units 


Lithium  borate  glasses 
Longitudinal  Shear 

Caesium  borate  glasses 

Longitudinal  Shear 

E,  (MJ/mol) 

0-415 

0-125 

0-43 

0-13 

E,  (MJ/mol) 

— 

— 

-0-04 

-0-27 

(MJ/mol) 

3-96 

1-25 

3-9 

1-2 
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Fig.  2.  The  plots  of  against  XiKl-xj)  for  lithium  borate  glasses  (O)  and  for  caesium  borate 

glasses  (□).  The  least-squares  line  through  the  lithium  borate  glass  data  points  is  also  shown. 

Figure  2  shows  a  plot  of  the  shear  elastic  constant,  against  for 

lithium  borate  glasses.  The  plot  can  be  represented  by  a  straight  line,  indicating 
that  the  lelation  of  N^-X2l{\~X2)  holds.  A  plot  of  the  longitudinal  elastic  constant, 
against  xJil-x^  shows  almost  the  same  behaviour.  Thus,  it  can  be  ascer¬ 
tained  from  the  present  analysis  too  that  the  structural  unit  a  is  converted  only 
into  the  structural  unit  c  in  the  composition  range  0<X2<0'28  by  the  reaction 

2B03  +  Li20  ^  2Li^B04  (4) 

Such  a  simple  reaction  occurs  only  in  lithium  borate  glasses.  The  values  of 
and  Ec  calculated  from  Eq.  (3)  are  listed  in  Table  1 . 

3.2.  Caesium  Borate  Glasses 

Figure  2  also  shows  a  plot  of  the  shear  elastic  constant,  against 

for  caesium  b^orate  glasses;  a  plot  of  the  longitudinal  elastic  con¬ 
stant,  against  X2f{\-x-^  has  almost  the  same  characteristic.  The  plot  of 

M,  against  X2/(l-X2)  is  analysed  by  dividing  it  into  the  following  four  ranges: 

(i)  The  first  composition  range  0<X2<0-065  or  0<X2/(l“X2)<0-070  in  which  the 
velocity  of  sound  increases  with  increasing  X2. 

(ii)  The  second  composition  range  0-065<X2<0T9  or  0-070<X2/(l-X2)<0*235 
in  which  the  velocity  of  sound  decreases  with  increasing  ^2. 

(hi)  The  third  composition  range  0-19<X2<0'275  or  0-235<X2/(l-X2)<0-38  in 
which  the  velocity  of  sound  again  increases  with  increasing  X2. 

(iv)  The  fourth  composition  range  0-275<X2<0-39  or  0*38<X2/(1-a:2)<0-64  in 
which  the  velocity  of  sound  again  decreases  with  increasing  X2. 

The  initial  slope  of  against  X2l{l-x^  for  caesium  borate  glasses  is  in 
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close  agreement  with  the  slope  for  lithium  borate  glasses.  This  coincidence  in 
the  slopes  indicates  that  the  structural  change  in  the  first  composition  range  is 
identical  to  that  for  lithium  borate  glasses  and  thus  this  initial  slope  for  cae¬ 
sium  borate  glasses  can  be  analysed  on  the  basis  of  Eq.  (3).  Table  1  shows  that 
the  values  of  and  calculated  in  this  way  for  caesium  borate  glasses  are  in 
close  agreement  with  the  values  for  lithium  borate  glasses  both  for  longitudi¬ 
nal  and  transverse  waves.  Thus,  in  the  first  composition  range,  the  structural 
unit  a  is  converted  only  into  the  structural  unit  c  by  the  reaction 

2B03  +  CS2O  2Cs^B04  (5) 

For  X2>0-065  and  hence  V2/(l-X2)> 0*070,  the  plot  of  against  X2/(l-X2) 
for  caesium  borate  glasses  deviates  from  the  plot  for  lithium  borate  glasses.  If 
the  structural  unit  b  forms,  then  the  slope  of  the  plot  of  M,  against  X2/(l-X2) 
should  decrease  since  the  structural  unit  b  destroys  the  glass  network  to  de¬ 
crease  the  rigidity  of  the  glass.  The  decrease  in  slope  above  the  composition  of 
X2/(1-X2)=0*070  indicates  that  the  structural  unit  b  now  forms  so  that  the  rela¬ 
tion  of  as  a  function  of  X2/(l-X2)  should  be  analysed  on  the  basis  of  Eq. 
(2).  In  order  to  calculate  the  value  of  it  is  necessary  to  use  one  known  value 
of  at  a  given  composition.  For  this  purpose,  we  use  the  value  of  A^4=0*28  at 
a  composition  of  X2/(l-X2)=0*50  determined  from  NMR  spectroscopy  by  Zhong 
&  Bray[17].  The  value  of  at  this  composition  can  be  calculated  by  fitting 
a  least  squares  parabola  to  nearby  points.  In  Table  1,  the  value  of  Ef,  calculated 
from  Eq.  (2)  at  the  point  of  X2/(l-X2)=0*50  is  shown.  It  seems  unusual  that 
takes  a  negative  value.  However,  the  negative  value  is  permissible  since  the 
structural  unit  b  does  not  arise  alone  but  coexists  always  with  the  structural 
unit  c.  Since  E^,  is  negative,  we  conclude  that  the  structural  unit  b  decreases  the 
rigidity  of  the  glass,  which  can  be  attributed  to  the  fact  that  the  structural  unit 
b  acts  to  break  down  the  covalent  bonds  of  the  glass  network. 

By  rewriting  Eq.  (2)  in  the  form 


E^-E. 


KV- 


Xn 


1-  X 


2y 


1-x. 


(6) 


we  can  calculate  ^4  as  a  function  of  xJil-Xj)  from  the  values  of  and  E, 
given  in  Table  1 .  Figure  3  shows  the  plot  of  A^4  as  a  function  ofxJ{\—x-^  calculated 
from  the  values  of  transverse  sound  velocities.  Three  points  of  determined 
from  the  area  under  the  NMR  absorption  curves  by  Zhong  &  Bray  [1 7]  are  also 
shown  in  Fig.  3,  where  the  point  at  X2/(l-X2)=0-50  is  used  for  the  calculation  of 
E^.  We  see  that  the  trend  of  calculated  from  the  ultrasonic  velocity  is  consistent, 
at  least  qualitatively,  with  the  trend  of  measured  by  NMR  spectroscopy  Since 
the  quantity,  X2l{\-Xi)-N^,  indicates  the  fraction  of  the  structural  unit  b  with 
one  nonbridging  oxygen,  the  calculated  behaviour  of  as  a  function  of  Xj/Cl- 
X2)  can  be  summarized  in  terms  of  the  three  structural  units  as  follows: 

(1)  In  the  first  composition  range,  the  structural  change  can  be  described  by 
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Fig.  3.  The  plot  of  against  Xifil-Xi)  for  caesium  borate  glasses.  O  denotes  N4  calculated 
from  Eq.  (6)  with  values  for  the  transverse  wave;  □  denotes  N4  determined  from  NMR 
spectroscopy  by  Zhong  &  Bray  [17].  The  line  N4=X2i(l-X2)  is  also  shown. 


Eq.  (5)  and  no  nonbridging  oxygen  forms. 

(ii)  In  the  second  composition  range,  the  formation  of  the  structural  unit  b 
expressed  by 

2B03  +  CS2O  2Cs"B02O-  (7) 

is  predominant  over  the  formation  of  the  structural  unit  c  expressed  by  Eq.  (5). 
(hi)  In  the  third  composition  range,  the  formation  of  the  structural  unit  c 
expressed  by  Eq.  (5)  is  predominant  over  the  formation  of  the  structural  unit  h 
expressed  by  Eq.  (7). 

(iv)  In  the  fourth  composition  range,  the  formation  of  the  structural  unit  b 
expressed  by  Eq.  (7)  becomes  gradually  predominant  over  the  formation  of 
the  structural  unit  c  expressed  by  Eq.  (5)  and  further  the  isomerization 

Cs"B04-  ^  Cs"B02O-  (8) 


takes  place. 

A  Raman  study  by  Kamitsos  et  al  [18,19]  on  caesium  borate  glasses  has 
shown,  first,  that  nonbridging  oxygens  begin  to  form  at  a  composition  less 
than  X2=0-10  and,  second,  that  the  chain  type  metaborate  group  forms  for 
compositions  of  X2=0-10,  0*14  and  0*17  while  the  ring  type  metaborate  group 
forms  for  compositions  of  X2^0‘30.  The  present  study  has  revealed  that  non¬ 
bridging  oxygens  begin  to  form  at  v:2 =0*065,  which  is  in  agreement  with  the 
findings  of  Kamitsos  et  al.  We  see  also  from  the  study  by  Kamitsos  et  al  that 
nonbridging  oxygens  in  the  second  composition  range  are  present  in  the  form 
of  the  chain  type  metaborate  group  while  nonbridging  oxygens  in  the  fourth 
composition  range  are  present  in  the  form  of  the  ring  type  metaborate  group. 
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We  see  from  Table  1  that  the  value  of  E,  is  about  ten  times  the  value  of  for 
both  the  longitudinal  and  transverse  waves.  This  difference  is  caused  partly  by  the 
fact  that  structural  unit  c  forms  four  covalent  bonds  whereas  structural  unit  a 
forms  three  covalent  bonds.  The  effect  of  the  difference  in  the  number  of  these 
covalent  bonds  on  the  ratio  EJE^  can  be  evaluated  from  the  Phillips-Thorpe  rigid¬ 
ity  percolation  theory  [20-22].  On  the  basis  of  this  percolation  theory  He  and 
Thorpe  [23]  performed  numerical  simulations  for  the  elastic  stiffness  constants 
and  C44  as  a  function  of  the  average  number,  (r),  of  covalent  bonds  per  atom  and 
found  that  the  dependences  of  Cj  1  and  C44  on  {r)  could  both  be  represented  approxi¬ 
mately  by  «r)-rpy‘^  being  the  percolation  threshold;  the  values  of  and 
C44  at  (r)=4-0  were  both  five  times  those  at  {r)~  3-0.  Thus  we  can  estimate  the  value 
of  EJE^  to  be  five  if  the  effect  of  the  covalent  bonds  alone  is  taken  into  account, 
which  is  however  insufficient  to  explain  the  fact  that  the  actual  value  of  EJE^  is 
about  ten.  Since  the  structural  unit  c  (=M^B04“,  M  stands  for  the  respective  alkali) 
forms  both  covalent  bonds  and  ionic  bonds,  the  effect  of  ionic  bonds  onE,  should 
also  be  included.  We  may  attribute  the  residual  value  of  EJE~5  to  the  effect  of 
ionic  bonds.  However,  the  exact  calculation  is  difficult  at  present,  since  the  long- 
range  interaction  caused  by  Coulomb’s  force  should  be  evaluated. 

We  see  also  from  the  study  by  He  &  Thorpe  that  the  rigidity  arises  only  if  (r) 
is  greater  than  2-4.  Since  the  structural  unit  b  forms  two  covalent  bonds,  the 
presence  of  the  structural  unit  b  acts  negatively  on  the  rigidity,  leading  to  a 
negative  value  of  Ef,, 
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This  paper  considers  the  relationship  between  the  thermodynamic 
potentials  and  other  physical  properties  of  borate  glasses  and  melts.  The 
validity  of  the  model  of  associated  solutions,  for  an  adequate  prediction 
of  a  variety  of  properties,  is  illustrated  by  a  number  of  examples,  which 
include  the  modelling  on  a  unified  basis  of  the  thermodynamic  potentials, 
the  densities,  the  refractive  indices  and  the  electrical  conductivity  of  glasses. 


1.  INTRODUCTION 

In  the  present  paper,  the  thermodynamic  investigation  of  glasses  and  melts 
is  considered  to  be  closely  connected  to  the  modelling  of  their  properties.  This 
is  due  to  the  fact  that  a  detailed  experimental  study  of  multi-component  sys¬ 
tems  requires  the  performance  of  numerous  time-consuming  experiments, 
whereas  a  model,  based  on  the  data  available  for  various  binary  systems,  al¬ 
lows  an  adequate  description  of  systems  formed  from  any  number  of  compo¬ 
nents.  Also,  the  model  enables  the  thermodynamic  potentials  to  be  related  to 
specific  atomic  interactions  and  to  the  distribution  of  various  structural  units. 
Hence,  a  specific  physical  meaning  is  assigned  to  the  thermodynamic  func¬ 
tions.  Moreover,  since  a  wide  range  of  physical  properties  of  glasses  and  melts 
are  the  derivatives  of  the  Gibbs  free  energy,  with  respect  to  the  variables  of 
state,  an  adequate  thermodynamic  model  can  provide  the  possibility  of  calcu¬ 
lating  these  properties,  as  will  be  shown  in  this  paper. 

2.  THERMODYNAMICS  AS  A  BASIS  FOR  MODELLING 
PROPERTIES 

2.1.  Thermodynamic  Potentials 

Figure  1  shows  the  concentration  dependence  of  the  Gibbs  free  energy  of 
mixing,  AG^,  for  alkali  borate  melts  at  1000°C.  As  is  seen,  AG^  is  large  and 
negative.  This  indicates  that  the  oxides  forming  these  systems  strongly  in- 
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teract  with  each  other.  To  illustrate  the  scale  of  this  interaction,  the  values  of 
AG^  for  an  ideal  solution  are  also  shown  in  Fig.  1,  together  with  those  for 
sodium  oxide,  water  and  sodium  chloride.  It  is  known  that  the  processes  of 
formation  of  Na20,  H2O  and  NaCl  are  highly  exothermic.  As  seen  from  Fig. 
1 ,  their  Gibbs  free  energies  are  comparable  to  those  for  the  mixing  of  oxides  in 
alkali  borate  systems.  It  is  obvious  that,  in  the  latter,  the  highly  exothermic 
processes  lead  to  the  formation  of  very  stable  products  (borates).  As  in  the 
case  of  Na20,  H2O  and  NaCl,  the  structures  of  these  salt-like  products  are 
determined  by  strictly  specific  spatial  arrangements  of  atoms,  and  each  ar¬ 
rangement  is  characterized  by  it  own  energy. 

The  fact  of  the  formation  of  salt-like  products  in  borate  melts  is  confirmed 
by  the  character  of_the  concentration  dependence  of  the  partial  entropies  of 
the  alkali  oxides,  A5'm20'  Thus,  Fig.  2  shows  this  dependence  for  sodium  oxide 
in  sodium  borate  melts  at  800"900°C,  together  with  the  dependence  for  an 
ideal  solution  and  the  data  reported  in  Refs.  [1,2].  The  complex  shape  of  this 


Fig.  1.  The  Gibbs  free  energies  of  mixing  for  oxides  in  alkali  borate  melts  and  the  Gibbs 
free  energies  of  formation  of  Na20,  H2O  and  NaCl  at  1000°C.  The  symbol  AGideai  denote 
the  Gibbs  free  energy  of  mixing  for  the  components  in  an  ideal  solution. 
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dependence,  which  differs  very  much  from  that  for  the  ideal  system,  as  well  as 
the  negative  values  of  the  partial  entropy  indicate  that,  firstly,  a  significant 
ordering  occurs  in  the  course  of  the  interaction  between  the  oxicks  in  the  sys¬ 
tems  discussed  and,  secondly,  the  contribution  to  the  values  of  AS M20  from  the 
vibrational  components  is  considerable. 

The  above  indicates  that  the  most  logical  approach  to  the  description  of 
the  glasses  and  melts  formed  from  oxides  with  different  chemical  natures  is 
the  use  of  the  model  of  associated  solutions.  Using  the  formalism  described 
in  Ref  [3],  it  is  possible  to  obtain  an  equation  for  the  Gibbs  free  energy  of 
mixing,  where  this  potential  is  a  known  function  of  the  composition,  tem¬ 
perature  and  pressure,  so  that  this  relationship  is  the  equation  of  state  for  a 
given  system.  Hence,  it  allows  the  calculation  of  a  wide  variety  of  proper¬ 
ties  of  glasses  and  melts,  using  well-known  differential  relationships  be¬ 
tween  the  potential  AG^  and  different  properties.  The  primary  quantities 
are  the  thermodynamic  potentials  (the  chemical  potentials  of  the  oxides, 
their  partial  entropies,  etc.),  which  may  be  calculated  with  satisfactory  ac¬ 
curacy,  as  illustrated  in  Figs.  3  and  4. 

To  illustrate  the  possibilities  provided  by  the  model  of  associated  solutions, 
the  examples  given  in  Fig.  3  and  later  not  only  involve  borate  glasses  (melts) 
but  also  other  systems  and,  in  particular,  silicates  and  phosphates.  This  is  due 


Fig.  2.  Partial  entropies  of  alkali  oxides  in  alkali  borate  melts  at  different  temperatures. 
The  symbol  AS'ideai  denotes  the  partial  entropy  of  a  component  of  an  ideal  solution. 
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to  the  fact  that  many  properties  of  borate  glasses  cannot  be  calculated  in  prac¬ 
tice  (although,  in  theory,  the  present  approach  enables  them  to  be  modelled  [3]) 
because  of  the  lack  of  necessary  information  on  the  relevant  properties  of  the 
crystals  existing  in  borate  systems. 

2.2.  Physical  Properties 

As  indicated  in  Ref  [3],  from  the  formalism  of  the  model  it  follows  that  a 
wide  range  of  the  properties  of  glasses,  such  as  the  molar  volume,  the  refrac- 
tivity,  the  heat  capacity,  the  isothermal  compressibility,  the  coefficient  of  ther¬ 
mal  expansion,  etc.  (represented  below  by  Fgias^),  are  the  additive  functions  of 
the  relevant  properties  of  the  species  present  in  a  given  glass  (F^j);  i,  e. 

l^glass=S«jf^j  (1) 

Here,  represent  the  number  of  moles  of  species  j  present  in  the  glass 
considered.  The  index  prefers  both  to  the  salt-like  groupings  and  to  the  unreacted 
oxides.  Note  that,  as  follows  from  the  formalism  of  the  model,  the  properties 
of  the  salt  like  groupings  refer  to  the  crystalline  state,  while  those  of  the 
unreacted  oxides  refer  to  the  molten  state. 


Fig.  3.  The  experimental  and  model  chemical  potentials  for  sodium  oxide  in  sodium  borate 

and  sodium  silicate  melts. 
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Examples  of  calculations  made  with  Eq.  (1)  are  given  in  Fig.  5  (the  densities 
of  sodium  borate  and  sodium  silicate  glasses)  and  Fig.  6  (the  refractive  indices 
of  sodium  silicate  and  zinc  phosphate  glasses).  As  follows  from  both  figures,  the 
properties  of  glasses  can  indeed  be  considered  with  a  satisfactory  degree  of  ac¬ 
curacy  as  a  superposition  of  the  relevant  properties  of  the  compounds  which 
form  in  each  system.  This  indicates  that  Eq.  (1)  yields  a  rigorous  theoretical 
confirmation  of  the  validity  of  known  semi-empirical  methods  of  calculating 
the  properties  of  glasses  [4]  and  determines  the  limits  of  their  applicability. 
Moreover,  from  the  above,  it  follows  that,  to  obtain  information  on  the  proper¬ 
ties  of  glasses  (melts),  it  is  first  necessary  to  study  the  structure  and  relevant 
properties  of  crystals  which  form  in  the  system  in  question. 

Special  attention  should  be  paid  to  the  presence  of  the  extrema  in  curves  for 
the  concentration  dependence  of  the  properties  of  glasses,  such  as  those  ob¬ 
served  for  the  refractive  index  in  the  zinc  phosphate  system  (Fig.  6).  Tradition¬ 
ally,  the  presence  of  specific  features,  i.e.  maxima  and  minima,  or  points  of 
inflection,  has  been  associated  with  the  occurrence  of  some  structural  rear¬ 
rangements  in  glasses.  However,  as  is  shown  in  Fig.  7,  the  concentration  de- 


ideal 

assoc,  model 


Fig.  4.  The  experimental  and  model  partial  entropies  for  sodium  oxide  in  sodium  borate 
melts  at  800°C.  The  curve  for  an  ideal  solution  is  shown  for  comparison. 
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Fig.  5.  The  experimental  and  model  density  for  glasses  and  the  experimental  density  of 
crystalline  polymorphs  in  sodium  borate  and  sodium  silicate  systems. 

pendence  of  the  molar  volume  (V^)  and  molar  refractivity  (R^)  of  zinc  phos¬ 
phate  glasses  are  monotonic  and  almost  linear.  Since  both  dependences  have 
been  determined  as  a  function  of  the  chemical  structure  of  these  glasses*  and 
used  for  the  calculation  of  the  refractive  index,  a  complex  shape  of  the  curve 
for  the  latter  shown  in  Fig.  6  is  only  due  to  the  interplay  between  the  monotonic 
dependences  for  and  in  the  expression  for  the  refractive  index, 

n=[{V^+2R^)/(  V^-R^)]  (2) 

and  not  because  of  any  structural  changes.  The  absence  of  any  specific  features 
in  the  curves  for  the  refractive  index  of  sodium  silicate  glasses,  also  shown  in 
Fig.  6,  is  due  to  a  considerably  smaller  difference  in  the  slope  of  the  curves  for 
and  than  that  observed  for  zinc  phosphate  glasses. 

The  above  means  that  any  judgment  concerning  changes  in  the  structure  of 
glasses  made  on  the  basis  of  information  on  changes  in  their  properties  is  valid 
only  if  a  specific  relationship  is  known  to  exist  between  a  given  property  and  a 
specific  structure.  However,  in  the  majority  of  publications  on  structural  changes 
in  glasses,  the  authors’ judgements  are  not  sufficiently  justified. 

*  The  concept  of  the  chemical  structure  is  explained  in  Ref.  [7]. 
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2.3.  Transport  Properties 

According  to  the  current  literature,  there  are  many  theories  of  the  electrical 
conductivity  of  glasses.  However,  none  of  them  can  provide  a  quantitative  or 
indeed  even  a  qualitative  description  of  a  more  or  less  wide  variety  of  systems. 
All  of  the  theories  are  based  on  either  a  complete  or  a  partial  dissociation  of 
the  alkali  oxide  which  corresponds,  respectively,  to  the  case  of  a  strong  or  a 
weak  electrolyte.  Ravaine  et  al  [8]  are  the  first  and  the  only  authors  who  have 
investigated  the  correlation  between  the  electrical  conductivity  of  glasses  and 
their  thermodynamic  properties.  They  have  also  pointed  out  the  necessity  of 
taking  into  account  the  activity  of  the  oxide  M2O  in  glasses,  instead  of  its 
analytical  concentration,  when  the  equation  of  mass  action  is  written  for  the 
dissociation  of  M2O.  This  is  very  important  because  the  activity  of  M2O  in 
glasses  differs  from  its  concentration  by  several  orders  of  magnitude. 

The  most  general  and  rigorous  equation  for  the  specific  electroconductivity 
(denoted  a)  is 

a=-{F!N^)Z,n.{U,+  U_)  (3) 

where  Fand  Np,  are,  respectively,  the  Faraday  constant  and  Avogadro’s  number. 
Z+  is  the  ionic  charge  (equal  to  unity  in  the  case  of  alkali  ions),  is  the  ionic 
mobility  and  «+  is  the  number  of  ions  in  unit  volume.  It  is  first  necessary  to 


Fig.  6.  The  refractive  index  of  sodium  silicate  and  zinc  phosphate  glasses. 

Solid  line  (model),  glasses  in  both  systems;  Solid  squares  and  open  circles  (experiment  [5]), 
glasses  in  the  zinc  phosphate  and  sodium  silicate  systems,  respectively. 
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Fig.  7  The  model  molar  volume  and  molar  refractivity  for  zinc  phosphate  glasses  (solid 
lines),  together  with  the  molar  volume  (triangles)  and  molar  refractivity  (circles)  for 

sodium  silicate  glasses. 


determine  the  concentration  of  the  ions.  According  to  Ref.  [8],  the  process  of 
dissociation  of  M2O  is  written  as 

M20=M^+0M-  (4) 

The  equilibrium  constant,  ,  of  reaction  (4)  is 

^dis“(^M+^OM-y <^1^120  (5) 

where  Xm+  and  Xq^-  are  the  mole  fractions  of  the  corresponding  ions.  (As  a 
first  approximation,  the  activity  coefficients  of  the  ions  are  neglected  because 
of  their  low  concentrations  in  a  given  glass.)  According  to  reaction  (4), 

Xm+  =  Xqm-  (6) 

Hence,  from  Eqs.  (5)  and  (6),  it  follows  that 

^M+  “  (-^dis^M2o)^^^  (7) 

From  the  definition  of  the  mole  fraction,  the  number  of  moles  of  the  ions 
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Fig.  8.  The  model  (solid  lines)  and  experimental  (triangles  and  circles  [5])  electrical 
conductivity  for  sodium  borate  and  sodium  silicate  glasses  at  300°  C 


(denoted  as  )  in  a  given  glass  is  equal  to 

(8) 

where  is  the  sum  of  the  numbers  of  moles  of  all  ions  and  neutral  species 
(the  salt-like  groupings  and  the  unreacted  oxides)  present  in  the  glass  considered. 

Substituting  Eq.  (8)  into  Eq.  (3)  and  changing  the  notation  from  the  num¬ 
bers  of  ions  used  in  Eq.  (3)  to  the  numbers  of  moles  of  ions  used  in  Eq.  (8),  the 
following  logarithmic  relationship  can  be  obtained 

loga  -  \og(FlnJV^)Hog  /  4  606RT  (9) 

where  is  the  molar  volume  of  a  given  glass,  U+=(U++U_X  AG°dis  is  the 
standard  Gibbs  free  energy  of  dissociation  and  A//m20  is  the  chemical  potential 
of  M2O.  In  this  equation,  the  potentials  AG°dis  and  U+  are  the  unknown 
values. 

However,  the  former  does  not  depend  at  all  on  the  composition  of  the  glass, 
while  the  latter  depends  on  the  composition  insignificantly,  which  follows  from 
the  data  available  in  literature  for  various  salt  systems.  Thus,  Eq.  (9)  describes 
the  values  of  logcr  with  an  accuracy  determined  by  the  constant  term  (log  U+- 
AG°dis). 
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Figure  8  shows  the  calculated  dependence  and  the  experimental  values  of 
logcj  for  the  systems  Na20-B203  and  Na20-Si02  at  300°C.  The  original  posi¬ 
tion  of  the  calculated  curves  for  both  systems  differed  systematically  from  that 
for  the  corresponding  experimental  data  by  a  constant  value  of  3  units.  Since  this 
discrepancy  was  due  to  the  term  (logC4-AG°dis),  it  was  eliminated  by  the  corre¬ 
sponding  displacement  of  the  calculated  curves  relative  to  the  experimental  data. 
The  result  of  this  procedure  is  presented  in  Fig.  8,  which  shows  a  satisfactory 
agreement  between  the  experimental  data  and  the  model.  This  indicates  that  the 
electrical  conductivity  is  mainly  determined  by  the  chemical  potential  of  M2O 
and  confirms  the  above  statement  concerning  the  insignificant  dependence  of 
the  mobility  of  the  ion  (i.e.  U+ )  on  the  glass  composition. 

3.  CONCLUSIONS 

A  systematic  study  of  borate  and  other  oxide  glasses  and  melts  has  revealed 
a  dominating  influence  of  various  chemical  processes,  which  proceed  in  sys¬ 
tems  formed  from  components  with  different  chemical  natures,  on  a  large  vari¬ 
ety  of  properties  of  such  glasses.  It  has  been  shown  that  the  model  of  associated 
solutions  enables  a  wide  range  of  properties  to  be  adequately  described  on  a 
unified  basis  over  extended  concentration  regions.  In  addition  to  the  entire  set 
of  the  thermodynamic  potentials  for  a  given  glasses,  this  also  refers  to  such 
physical  properties  as  the  density,  refractive  index,  etc.  It  has  also  been  shown 
that  the  thermodynamic  properties  of  glasses  are  closely  related  to  their  trans¬ 
port  properties,  such  as  the  electrical  conductivity. 
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STRUCTURE  AND  PROPERTIES  OF  MULTI-COMPONENT 
BORATE  GLASSES  BASED  ON  RAMAN  SPECTROSCOPY 
AND  THE  CHEMICAL  EQUILIBRIUM  CONCEPT 
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Otae?  al.  [1]  determined  a  set  of  equilibrium  constants  vdiich  govern  the  number 
density  of  the  structural  units  in  the  alkali  borate  glass.  Based  on  this  result 
molar  volumes  of  the  alkali  borate  system  were  computed  from  the  molar  vol¬ 
umes  allocated  to  each  of  the  structural  units.  In  the  present  study  a  second 
glass-forming  component  GeOi  was  added  to  the  Na20-B203  system  and  the 
change  of  coordination  state  of  borons  was  examined  by  Raman  spectroscopy. 
It  was  shown  that  the  intensity  ratio  of  770  cm~‘  peak  due  to  boroxol  rings  with 
BO4  units  over  that  of  803  cm“’  due  to  boroxol  rings  of  BO3  units  increased  with 
the  replacement  of  B2O3  for  Ge02.  This  indicates  that  Na20  affinity  for  B2O3  is 
stronger  than  that  for  GeOi.  Assuming  the  relative  magnitude  of  activity  coef¬ 
ficient  yof  Na20  for  Ge02  and  B2O3  to  be  tentatively  1:2,  distributions  of  alkali 
oxide  among  B2O3  and  Ge02  were  determined  according  to  the  principle  that 
Na20  activity  in  Na20-~B203  system  is  equal  to  that  in  Na20-Ge02  system. 
Molar  volumes  Vm  of  the  Na20“B203-Ge02  system  were  computed  from  the 
partial  molar  volumes,  Vi  and  V2,  allocated  to  the  respective  sub-systems  in 
good  agreement  with  the  observed  molar  volumes. 


1.  INTRODUCTION 

In  the  alkali  borate  systems,  boron  ions  change  their  coordination  number 
from  3  to  4  with  alkali  content  M2O  up  to  about  40  mol%  and  from  4  to  3  with 
more  than  40  mol%  M2O.  Ota,  Yasuda  &  Fukunaga  [1]  proposed  a  set  of 
equations  which  govern  the  equilibriums  among  the  structural  units  in  the 
alkali  borate  systems.  They  determined  a  set  of  equilibrium  constants  to  cal¬ 
culate  the  number  density  of  the  structural  units  so  that  computed  fractions 
of  structural  units  may  reproduce  the  NMR  data  [2,3];  N4,  the  fraction  of 
boron  ions  combined  to  four  oxygens,  and  N3S,  ^nd  the  fraction  com¬ 

bined  to  three  oxygens.  Using  the  equilibrium  constants  and  using  the  partial 
molar  volumes  and  partial  molar  refractivities  allocated  to  each  of  the  struc¬ 
tural  units,  Ota  and  co-authors  computed  the  molar  volume  and  molar  refrac¬ 
tion  of  alkali  borate  systems  [4],  The  molar  volumes  and  molar  refractions 
thus  calculated  were  in  excellent  agreement  with  the  observed  ones.  On  the 
other  hand  in  alkali  germanate  system  [5],  germanium  ions  assume  four-fold 
as  well  as  six-fold  coordination  at  alkali  compositions  less  than  40  mol%  M2O 
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and  four-fold  coordination  at  alkali  rich  compositions  more  than  40  mol% 
M2O.  Another  set  of  cations  whose  coordination  state  is  changeable  with  al¬ 
kali  content  are  aluminum  ions  and  gallium  ions.  Combined  with  alkali  ions 
they  assume  a  four-fold  coordinated  structure,  forming  AIO4M  and  Ga04M 
tetrahedral  complexes.  From  the  Raman  spectroscopic  observations  of  glasses 
in  the  Na20-B203-Ge02  system  [6],  Mg0-B203-Al203  system  [7]  and  CaO- 
B203-Ga203  system  [8],  formation  of  AIO4M  and  Ga04M  complexes  was  sug¬ 
gested  together  with  BO4M  complexes.  Sakka  [9]  measured  the  fluoresence 
X-ray  spectra  of  aluminum  ions  in  Ca0-Al203-B203  glasses  and  showed  that 
the  coordination  state  of  aluminum  ions  is  effectively  in  four-fold  coordinated 
and  tend  to  shift  to  six-fold  coordination  with  increasing  B2O3  content.  How¬ 
ever,  the  coordination  state  of  aluminum  ions  is  not  affected  substantially  by 
the  Al203/Ca0  ratio.  There  have  been  no  theories  so  far  to  explain  this  phe¬ 
nomenon.  The  structures  and  properties  of  the  multi-component  systems  such 
as  Na20-B203-Ge02,  and  Na20~B203-Al203  have  not  been  computed  because 
there  has  been  no  method  to  estimate  the  distribution  of  sodium  ions  among 
the  glass-forming  cations  such  as  boron,  germanium  and  aluminum  ions  and 
to  compute  the  glass  properties  from  the  alkali  distribution. 

2.  OBJECTIVE 

When  germanium,  aluminum  and  gallium  ions  are  introduced  to  an  alkali  borate 
glass  the  properties  of  the  system  will  feature  a  complex  compositional  dependence, 
since  the  concentrations  of  the  BO4M,  AIO4M  and  Ga04M  complexes  can  not  be 
estimated  directly  as  a  function  of  composition  and  yet  these  concentrations  will 
certainly  determine  the  properties  of  the  system.  The  primary  objective  of  the  present 
study  is  to  explore  a  method  to  determine  the  alkali  distribution  among  the  glass¬ 
forming  cations  and  based  on  this  result  to  describe  quantitatively  the  composi¬ 
tional  dependence  of  properties  of  multi-component  borate  systems.  In  the  present 
study  Na20-B203-Ge02  system  is  chosen  and  density  (volume)  is  computed  ac¬ 
cording  to  the  new  method  and  is  compared  with  the  observed  values. 

3.  METHOD 

3.1.  Sample  Preparation 

Glass  samples  for  measurements  of  Raman  spectroscopy  and  density  were  pre¬ 
pared  by  melting  mixtures  of  reagent  grade  chemicals,  Na2C03,  B2O3  and  Ge02 
powders  in  a  platinum  crucible  in  an  electric  furnace  at  temperatures  1 000-1 600°C 
for  20-30  min.  Fused  liquids  vrere  cast  onto  a  stainless  steel  plate  to  obtain  glasses. 
The  glass  compositions  were  xNa20.(l-x)(B203+Ge02),  where  x=0-05-0-35,  and 
B2O3  was  substituted  for  Ge02  with  Ge02/B203  ratio=l/4,  1  and  4. 

3.2.  Raman  Spectroscopy  Measurements 

Raman  spectroscopy  was  employed  to  deduce  with  which  cations,  boron  or 
germanium  ions,  alkali  ions  would  react  more  preferentially.  Laser  Raman  spec¬ 
troscopy  measurements  were  conducted  in  the  wave  number  range  between  200 
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Fig.l  Raman  spectra  of  xNa20  (100-x)B203  glasses,  where  x  is  Na20  molar  percentage. 

and  1600  cm"^  at  room  temperature.  Raman  spectra  were  measured  on  Na20~ 
B2O3  system  in  the  Na20  range  Na20=0-40  mol%.  The  Raman  peak  at  803  cm“ 
^  of  alkali  borate  glass  is  ascribed  to  boroxol  ring  group  in  which  boron  ions  are 
exclusively  in  three-fold  coordination,  while  the  770  cm'^  peak  is  ascribed  to 
triborate,  di-triborate  and  diborate  groups  in  which  four-fold  coordinated  boron 
ions  are  incorporated.  By  observing  the  relative  change  of  Raman  scattering 
intensity  of  770  cm"^  peak  over  that  of  the  803  cm“^  peak,  it  was  observed  that 
I(770)/I(803)  increases  with  increasing  Na20  content.  From  the  Raman  spectra 
of  Na20-B203-Ge02  glass  one  can  judge  the  relative  strength  of  affinity  of  al¬ 
kali  ions  for  respective  cations.  From  the  relative  strength  of  affinity,  the  relative 
magnitude  of  the  activity  and  the  activity  coefficient  of  Na20  was  deduced. 

3.3.  Measurements  of  Density(Volume) 

Density  was  chosen  among  glass  properties  because  molar  volume  should 
be  additive  with  respect  to  the  partial  molar  volumes  allocated  to  the  sub¬ 
systems.  Density  was  measured  by  Archimedean  method  using  kerosene  as 
medium.  Observed  molar  volume  Vob  was  calculated  as  Vob=M/d,  where  d  is 
density  and  M  is  the  molecular  weight  of  the  system. 
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4.  RESULTS  AND  DISCUSSION 

4.1.  Raman  Spectra  of  Na20-B203-Ge02  System 

Raman  spectra  of  the  Na20-B203  system  (Fig.l)  show  that  in  the  range 
0-15  mol%  Na20  the  relative  intensity  of  the  770  cm"’  peak  over  that  of  the 
803  cm"’  peak  increases  with  Na20  content.  Figure  2  shows  the  Raman  spectra 
of  Na20-B203-Ge02  system  at  15  mol%  Na20  and  B2O3  is  partially  substi¬ 
tuted  for  Ge02.  It  is  seen  that  I(770)/I(803)  increases  with  B2O3  substitution 
for  Ge02.  This  situation  occurs  when  B2O3  is  substituted  iso-cationically  for 
2Ge02  or  Ge204,  as  confirmed  for  the  15  mol%  Na20  composition.  The  above 
result  implies  that  Na20  affinity  for  B2O3  is  stronger  than  that  for  Ge02.  This 
means  therefore  that  Na20  concentration  in  the  Na20-B203  sub-systems  should 
be  higher  than  that  in  the  Na20~Ge02  sub-system  when  B2O3  is  coexistent 
with  Ge02. 

4.2.  Activity  Coefficients  of  NazO  in  Na20-B203  and  Na20-Ge02 

From  the  foregoing  results,  it  follows  that  the  relative  magnitude  of  activity 
of  Na20,  a,  in  the  sub-systems  should  be  a(Na20-B203)<a(Na20-Ge02).  In 
terms  of  activity  coefficient,  y,  it  should  be  y(B203)<'^Ge02).  The  activity  co¬ 
efficient  of  Na20  may  vary  depending  on  the  Na20  concentration.  However, 
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rig.3  Vi  and  V2  of  Na20-B203  and  Na20-Ge02  glasses. 


to  the  first  approximation,  one  can  assume  that  relative  magnitude  of  activity 
coefficient  among  the  sub-systems  should  be  invariable  despite  the  Na20  con¬ 
centration  in  the  range  concerned,  r  defined  as  Y2(Ge02)/Yi(B203)  was  set  equal 
to  2,  arbitrarily. 

4.3.  Theoretical  Calculations  of  Molar  Volume  of  the  Na20-B203-Ge02  System 

Theoretical  molar  volumes  were  calculated  according  to  the  proposed  method 
(see  Appendix).  Assume  that  the  Na20-B203-Ge02  system  is  composed  of 
Na20-B203  and  Na20-Ge02  sub-systems.  Na20-B203  system  [10,11]  and 
Na20-Ge02  systems  are  obtained  as  glasses  in  the  range  of  0-45  and  59-79 
mol%  Na20,  and  0^0  mol%  Na20,  respectively.  Molar  volume  of  glasses  with 
46-59  mol%  and  more  than  80  mol%  Na20  compositions  must  be  estimated 
by  the  method  proposed  by  Ota,  Yasuda  &  Fukunga  [4].  Partial  molar  volumes 
Vi,  defined  as  the  molar  volume  of  the  Na20-B203  sub-system,  and  V2,  defined 
as  the  molar  volume  of  the  Na20-Ge02  sub-system,  are  shown  in  Fig.  3.  Alkali 
distribution,  Sj  and  S2,  among  B2O3  and  Ge02  was  estimated  from  eqs.(5)  and 
(6)  described  in  the  Appendix  with  tentatively  assumed  r=2.  The  theoretical 
molar  volume  Vth  was  constructed  from  partial  molar  volumes  Vi  and  V2. 
Observed  and  theoretical  molar  volumes  of  the  Na20-B203-Ga203  system  are 
shown  in  Fig.  4  (a)-(d)  as  a  function  of  Na20  content.  It  is  seen  that  Yob  of  at 
5-10  mol%  Na20  compositions  (Fig.  4  (a),  (b))  exhibits  an  almost  linear  de¬ 
crease  as  B2O3  is  progressively  substituted  for  Ge02.  However  a  different  situ¬ 
ation  occurs  in  the  composition  range  of  20-30  mol%  Na20  (Fig.  4  (c),  (d)). 

deviates  negatively  from  the  additive  values.  It  is  obvious  that  overall  agree¬ 
ment  between  the  Vth  ^i^d  Vob  is  excellent. 
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rig.4  Vm  of  Na20-B203-Ge02  glass,  theoretical  Vth  (solid  line)  and  observed  Vob  (open  circle). 

Dotted  line  indicates  additive  values.  Glass  compositions  are  5  mol%  Na20  (a), 

10  mol%Na20  (b),  20  moiyoNajO  (c),  30  moiroNasO  (d). 

4.4.  Choice  of  Activity  Coefficient  Ratio  r 

The  foregoing  calculations  were  made  assuming  r=2.  Here  the  choice  of  r 
values  was  inspected.  The  Vth  values  were  computed  for  different  values  of  r  in 
the  range  r=l,  2,  3  and  4  for  the  glass  compositions  with  10  and  30  mol% 
Na20  and  with  Ge02/B203=l/4,  1  and  4.  It  was  found  that  Vth  values  with  r=2 
agree  most  closely  with  the  observed  molar  volumes  V^b-  This  means  that  r=2 
selection  was  most  correct. 

5.  CONCLUSION 

The  results  of  the  present  study  are  summarized  as  follow.  In  the  Na20- 
B203-Ge02  system  the  relative  intensity  of  the  Raman  spectra  implies  that  the 
Na20  affinity  for  B2O3  is  stronger  than  that  for  Ge02.  Assuming  the  relative 
magnitude  of  activity  coefficient  of  Na20  for  B2O3  against  that  for  Ge02  to  be 
tentatively  1:2,  the  distribution  of  Na20  between  B2O3  and  Ge02  was  esti¬ 
mated.  Using  this  result  the  molar  volumes  V^  of  the  Na20-B203-Ge02  sys¬ 
tem  were  computed  from  the  partial  molar  volumes  Vi  of  the  Na20-B203 
sub-system  and  V2  of  the  Na20-Ge02  sub-system  in  good  agreement  with  the 
observed  ones.  It  is  expected  that  the  same  procedure  could  be  applied  to  the 
multi-component  alkali  borate  systems  including  glass-forming  oxides  such  as 
AI2O3,  or  Ga203. 
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APPENDIX 

A  new  method  which  enables  one  to  estimate  the  distribution  of  alkali  ions 
among  glass-forming  cations  is  described.  Consider  a  ternary  system  of  the 
chemical  formula:  sNa20-miB203-m2Ge02  where  s,  mi  and  m2  are  the  molar 
compositions  of  Na20  and  B2O3  and  Ge02  oxides,  respectively.  Assume  that 
out  of  s  moles  of  Na20  Si  moles  are  allocated  to  mi  moles  of  B2O3,  and  S2 
moles  are  allocated  to  m2  moles  of  Ge02.  When  equilibrium  is  reached  the 
Na20  activity  in  the  Na20-B203  sub-system,  ai,  must  be  equal  to  that  in  the 
Na20-Ge02  sub-system,  a2. 

ai=yiS,/(s,+ini)  (1) 

a2=Y2S2/(s2+m2)  (2) 

Y,Si/(si+m,)=Y2S2/(s2+m2)  (3) 

Yi  and  Y2  denote  the  activity  coefficient  of  Na20  in  the  sub-system,  Na20-B203 
and  Na20-Ge02,  respectively.  Of  course 

Si+S2=s  and  s+mi  +m2=  1  (4) 

From  eqs.  (3)  and  (4)  one  can  obtain  Si  and  S2  as  follows: 

si=[-l-(r-l)mi+sr+{(l+(r-l)mi-sr)^+4r(r-l)smi}^^^]/2(r-l)  (5) 

S2=s-Si  (6) 

where  r=y2(Ge02)/Yi(B203).  The  chemical  formula  of  the  Na20-B203-Ge02 
system  is  rewritten  as 

sNa20-miB203-m2Ge02=(Si+mi){si/(Si+mi)Na20  +  mi/(si+mi)B203} 

+(s2+m2){s2/(s2+m2)Na20  +  m2/(s2+m2)Ge02}  (7) 

The  partial  molar  fractions  of  the  Na20-B203  and  Na20-Ge02  sub-systems 
are  Si+mi  and  S2+m2,  and  the  Na20  concentrations  in  the  respective  sub-systems 
are  Si/(si+mi)  and  S2/(s2+m2),  respectively. 

Assuming  additivity  for  the  partial  molar  volumes,  Vi  of  the  Na20-B203 
sub-system  at  the  Na20  concentration  Si/(Si+mi)  and  V2  of  the  Na20-Ge02 
sub-system  at  the  Na20  concentration  S2/(s2+m2),  the  molar  volume  Vm  of  the 
sNa20-miB203-m2Ge02  system  may  be  calculated  as 

V„=(si-(-m,)Vi+(s2+m2)V2  (8) 
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Since  some  basic  properties  of  vitreous  B2O3  depend  very  strongly  on  the 
stabilization  temperature  and  the  water  content  of  the  glass,  one  can  exploit 
this  fact  to  work  with  pure  B2O3  as  a  model  glass,  studying  how  the 
glass-transition  parameters  and  the  physical  properties  of  glasses  vary  with 
basic  material  parameters  of  the  same  substance.  We  have  prepared,  char¬ 
acterized  and  studied  several  glass  samples  of  pure  B2O3.  The  glass  transi¬ 
tion  of  each  glass  has  been  investigated  through  differential  scanning 
calorimetry,  obtaining  the  glass-transition  temperature  Tg  from  the  specific- 
heat  measurements,  and  the  fictive  temperature  Tf  from  the  corresponding 
enthalpy  variations.  Brillouin-scattering  measurements  have  shown  a  remark¬ 
able  variation  of  sound  velocities,  elastic  constants  and  Debye  temperature 
of  B2O3  glasses  with  previous  thermal  treatments.  Correlation  of  these  acous¬ 
tic  and  elastic  properties  with  the  mass  density  and  the  Active  temperature 
Tf  are  presented  and  briefly  discussed. 


1.  INTRODUCTION 

B2O3  is  a  very  good  glass-former,  which  has  been  widely  studied  as  a  model 
glass  for  many  years.  Nevertheless,  many  of  its  physical  properties  depend 
strongly  on  the  thermal  history  Besides,  boron  oxide  is  a  very  hygroscopic 
material.  Eversteijn  et  al  [1]  have  shown  how  some  basic  properties  of  vitre¬ 
ous  B2O3  depend  on  the  stabilization  temperature  and  the  water  content  of  the 
glass,  finding  a  relation  between  the  mass  density  and  the  method  of  prepara- 
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tion  and  later  annealing  of  the  glasses. 

We  have  prepared,  characterized  and  studied  several  different  samples  of  pure 
glassy  B2O3,  with  the  aim  of  investigating  for  the  same  substance  how  some 
physical  properties  vary  with  or  correlate  to  others.  They  have  been  character¬ 
ized  by  measuring  their  mass  density  and  the  concentration  of  hydroxyl  ions 
OH".  Differential  Scanning  Calorimetry  (DSC)  has  been  used  to  obtain  the 
glass-transition  temperature  Tg.  The  fictive  temperature  7}  was  also  determined 
from  the  corresponding  enthalpy  variations.  Brillouin  scattering  measurements 
have  also  been  carried  out  for  all  the  B2O3  glasses  in  order  to  study  how  the 
sound  velocities  and  the  elastic  constants  depend  on  the  thermal  treatment. 

2.  EXPERIMENTAL  DETAILS 

Different  B2O3  glass  samples  were  made  from  boron  oxide  pellets  (Aldrich, 
99.999%  purity)^  melted  in  a  platinum  crucible.  Two  wet  samples  were  prepared  by 
simply  pouring  the  melt  into  a  brass  mold.  In  order  to  obtain  {dry)  samples  with  a 
much  lower  water  content,  the  melt  was  slowly  heated  in  vacuum  up  to  1050°C, 
and  kept  for  24  h  at  that  temperature  before  pouring  the  melt.  Glass  samples  were 
cut  and  carefully  polished  without  using  water.  Several  pieces  were  obtained  from 
the  same  batch  to  provide  appropriate  samples  for  every  experimental  technique. 
After  this,  glasses  were  subjected  to  a  range  of  thermal  treatments:  annealing  for 
hours  or  days  at  temperatures  below  Tg  (sub- relaxations)  produces  structural 
changes,  as  evidenced  by  the  noticeable  variations  observed  in  the  mass  density, 
measured  by  the  Archimedes  flotation  method  at  25°C  using  a  mineral  oil  as  fluid, 
in  agreement  with  the  experiments  of  Eversteijn  et  al  [1]. 

The  concentration  of  hydroxyl  ions  OH"  was  determined  from  infrared  trans¬ 
mission  spectra  around  the  hydroxyl  absorption  band  at  2-8  pm,  by  using  the  ex¬ 
tinction  coefficient  found  by  Franz  [2].  Thermal  treatments  and  characterization 
parameters  of  the  different  glasses  prepared  and  studied  are  shown  in  Table  1. 

Specific-heat  measurements  around  the  glass-transition  temperature  were  car¬ 
ried  out  by  Differential  Scanning  Calorimetry  (DSC)  in  a  commercial  calorimeter, 
Perkin-Elmer  DSC-4.  The  samples  were  heated  at  a  constant  rate  of  10  K/min. 

Right-angle  scattering  Brillouin  experiments  were  conducted  in  order  to 
obtain  both  longitudinal  and  transverse  sound  velocities.  Spectra  were  recorded 
at  room  temperature,  using  a  (3+3)  tandem  Sandercock  interferometer  with  a 
free  spectral  range  of  25  GHz.  Experimental  work  and  data  analysis  are  de¬ 
scribed  in  much  more  detail  elsewhere  [3]. 

3.  RESULTS 

As  can  be  observed  in  Table  1 ,  both  sub-T^  structural  relaxations  produced 
by  annealing  and  the  presence  of  hydroxyl  ions  in  the  network  tend  to  increase 
mass  density  significantly  [1,3].  The  results  of  DSC  experiments  are  also  shown 
in  Table  1 .  The  calorimetric  glass-transition  temperature  Tg  has  been  deter¬ 
mined  as  the  temperature  where  the  experimental  curve  reaches  the  midpoint 
of  the  specific-heat  jump  to  the  liquid-state  value  well  above  Tg.  All  dry  B2O3 
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Table  1 

Basic  characterization  data  of  the  different  B2O3  glasses  studied. 


Sample 

Thermal  treatment 

fOH  ]  (mol%) 

P  (g/cm’) 

W-1 

as  quenched 

3-4 

1*818 

282 

285 

W-2 

217”C,  100  h 

5-8 

1*866 

264 

224 

D-la 

as  quenched 

0-27 

1*804 

297 

288 

D-lb 

as  quenched 

1*804 

299 

296 

D-2 

312*^0,  48  h 

1*806 

292 

279 

D-3 

255*^C,  50  h 

0-27 

1*826 

297 

277 

D-4 

250*^0,  92  h 

0-32 

1*823 

296 

261 

D-5 

205°C,  170  h 

0-40 

1*834 

295 

257 

samples  exhibit  a  very  similar  value  about  Tg  ~  300°C,  in  good  agreement  with 
other  previous  reports  [4,5]  of  Tg  =  570-580  K.  Nevertheless,  values  of  Tg  as 
low  as  530  K  are  also  found  here  and  there  in  the  literature.  In  these  cases,  no 
mention  of  any  care  in  order  to  avoid  a  significant  water  concentration  is  to  be 
found.  The  explanation  for  these  discrepancies  in  the  literature  can  be  seen  in 
Table  1 :  Tg  decreases  appreciably  with  increasing  water  content  and  moreover 
with  further  annealing  [3],  an  effect  not  observed  in  dry  B2O3  glasses.  Therefore, 
reported  glass-transition  temperatures  typically  in  the  range  250-280°C  or  around 
530  K  must  be  attributed  to  B2O3  glasses  with  a  high  OH"  concentration. 

The  so-called  fictive  temperature  7}  has  also  been  determined  from  the 
enthalpy  variation  with  temperature,  obtained  from  the  corresponding  spe¬ 
cific-heat  measurements.  7}  is  defined  as  the  temperature  at  which  the  super- 
cooled-liquid  configurational  enthalpy  (in  metastable  equilibrium)  intersects 
the  glass  enthalpy  curve.  It  can  be  observed  in  Table  1  that  fictive  temperature 
7}  decreases  clearly  with  increasing  mass  density  [3].  This  effect  seems  inde¬ 
pendent  of  the  cause  of  the  density  increase,  either  annealing  below  Tg  or  the 
presence  of  water  in  the  glassy  network. 

Brillouin-scattering  spectra  recorded  in  right-angle  geometry  enabled  us  to 
obtain  longitudinal  (v  J  and  transverse  (vt^)  sound  velocities  of  our  wet  and  dry 
B2O3  glasses.  It  may  be  seen  in  Fig.  1  that  sound  velocities  exhibit  a  remarkably 
wide  variation  as  a  function  of  mass  density  p,  but  do  not  depend  on  whether 
they  are  dry  or  wet  glasses.  Other  sound-velocity  measurements  taken  from  the 
literature  [6-8]  are  included  as  well  in  Fig.  1,  but  only  those  few  which  also 
report  the  density  of  the  samples. 

With  the  measured  values  of  the  corresponding  mass  densities,  elastic  con¬ 
stants  were  also  determined  through  the  well-known  relations  [9]: 

Cjj  —  pvl ;  €44  =  (1) 

Elastic  constants  Qi  and  C44  of  our  wet  and  dry  B2O3  glass  samples  are 
shown  in  Fig.  2.  They  are  plotted  as  a  function  of  enthalpic  fictive  tempera¬ 
ture  7}.  Since  there  is  a  clear  correlation  between  sound  velocities  and  mass 
density  (see  Fig.  1),  and  there  is  another  one  between  the  latter  and  fictive 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


209 


1.80  1.82  1.84  1.86  1.88 


Fig.  1.  Longitudinal  (v^)  and  transverse  (vr)  sound  velocities  of  wet  (full  symbols)  and  dry 
(open  symbols)  B2O3  glasses,  plotted  as  a  function  of  mass  density.  Measurements  taken 
from  the  literature  [6-8],  for  which  density  is  known,  are  also  included. 

temperature  Tf  (see  Table  1),  it  is  not  surprising  to  find  the  monotonic  de¬ 
crease  of  elastic  constants  with  increasing  7}shown  in  Fig.  2.  It  is  to  be  stressed 
that  we  are  obtaining  a  range  of  variation  of  the  elastic  constants  as  wide  as 
about  30%  for  the  same  material:  pure  glassy  B2O3. 

4.  DISCUSSION 

In  order  to  shed  some  light  on  the  physical  origin  of  such  a  noticeable  vari¬ 
ation  in  the  elastic  constants  of  vitreous  B2O3  from  glass  to  glass,  we  have 
added  in  Fig.  2  data  for  longitudinal  (MJ  and  shear  (G^)  compressibility 
moduli,  taken  from  ultrasonic  [10]  and  Brillouin-scattering  [1 1]  measurements 
in  the  literature,  for  the  metastable  equilibrium  fluid  at  the  corresponding  tem¬ 
perature.  In  the  relevant  temperature  range,  and  are  equal  to  Cu  and 
C44,  respectively.  As  a  matter  of  fact,  B2O3  has  been  found  to  support  trans¬ 
verse  sound  waves  well  above  its  melting  temperature  [12].  Compressibility 
moduli  determined  from  hypersonic  Brillouin-scattering  measurements  [11] 
appear  somewhat  higher  than  those  determined  from  ultrasonic  measurements 
[10].  One  reason  may  be  the  considerably  higher  frequencies  used  in  the  former 
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Fig.  2.  Elastic  constants  Cn  and  C44  of  our  wet  and  dry  B2O3  glasses,  plotted  versus  fictive 
temperature  7}  obtained  from  enthalpy  measurements.  Longitudinal  {M^  and  shear  (G„) 
compressibility  moduli,  taken  from  reports  of  ultrasonic  [10]  and  Brillouin-scattering  [11] 
measurements  for  the  metastable  equilibrium  fluid  at  the  corresponding  temperature,  are 

also  shown 


(~5  GHz)  compared  to  the  latter  (~5  MHz).  The  water  content  in  liquid  B2O3 
may  also  play  a  role.  In  the  ultrasonic  measurements  of  Capps  et  al  [10]  shown 
in  Fig.  2,  special  experimental  techniques  were  used  in  order  to  reduce  water 
content  as  much  as  possible.  Since  a  higher  water  content  tends  to  shift  7}  and 
Tg  towards  lower  temperatures,  this  could  explain  why  the  change  of  slope  is 
still  not  observed  at  the  lowest  temperatures  investigated  in  the  Brillouin  ex¬ 
periments  of  Grimsditch  &  Torell  [11].  This  should  then  also  be  the  reason  for 
the  very  high  elastic  constants  achieved  by  the  annealed  wet  glass.  In  any  case, 
the  data  collection  of  Fig.  2  shows,  at  least  qualitatively,  that  the  wide  varia- 
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Fig.  3.  Debye  temperature  On  of  our  wet  and  dry  B2O3  samples,  plotted  versus  the  fictive 
temperature  Tf  obtained  from  enthalpy  measurements.  The  dashed  line  is  a  guide  for  the  eye. 

tion  of  elastic  constants  (and  of  sound  velocities)  with  different  thermal  treat¬ 
ments  is  simply  following  the  same  trend  in  its  transformation  range  that  the 
supercooled  liquid  does  at  the  corresponding  equilibrium  temperatures.  It  is  a 
remarkable  fact  that  glassy  B2O3  can  be  modified  over  such  a  wide  transforma¬ 
tion  range,  due  to  the  conspiring  effects  of  its  flexibility  for  appreciable  struc¬ 
tural  relaxations  around  and  below  (which  is  likely  to  be  related  to  the 
peculiar  two-dimensional  character  conferred  by  its  planar  structural  units, 
including  boroxol  rings)  and  of  the  influence  of  the  variable  water  content  on 
the  network  rigidity. 

As  mentioned  above,  one  can  exploit  the  possibilities  of  variation  in  glassy 
B2O3  material  parameters  to  use  it  as  a  model  glass  to  investigate  other  physi¬ 
cal  properties,  such  as  the  universal  low-temperature  anomalies  of  glasses  and 
the  related  low-frequency  vibrational  excitations.  In  order  to  tackle  this  task,  it 
is  crucial  to  determine  the  contribution  of  ordinary  lattice-vibrational  modes. 
Most  relevant  physical  properties  of  solids  at  low  temperatures  are  related  to 
the  Debye  temperature  defined  through: 

ks  0D  =  {hllKfjffT^ny^  (2) 

where  is  Boltzmann  constant,  h  is  Planck’s  constant,  n  is  atomic  number 
density,  and  Debye  sound  velocity  is  given  by  =  1/3  {vf  +  2vf). 

The  values  of  the  Debye  temperatures  0d  for  our  wet  and  dry  B2O3  samples, 
calculated  via  eq.  (2),  are  shown  in  Fig.  3.  As  may  be  anticipated,  there  is  a 
noticeable  variation  from  glass  to  glass.  This  variation  is  particularly  relevant. 


212 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


since  the  Debye  contribution  to  the  specific  heat  at  low  temperature  is  propor¬ 
tional  to  00“^  Once  again,  a  correlation  is  found  between  the  studied  physical 
property  and  the  fictive  temperature  7}  or  the  mass  density  p:  0d  decreases 
monotonically  with  7}  increase,  as  shown  in  Fig.  3.  Accordingly,  the  Debye 
temperature  0^  increases  with  density. 

We  have  recently  measured  [13]  the  low- temperature  specific  heats  of  the  same 
B2O3  glass  samples  used  in  the  present  study.  An  appreciable  dependence  of  the 
low-temperature  specific-heat  excess  on  annealing  processes  was  found  for  dry 
glasses.  However,  this  variation  can  be  well  accounted  for  by  the  different  Debye 
contributions  discussed  abova  On  the  contrary,  wet  B2O3  glasses  seem  to  behave 
in  a  different  way  [13],  probably  indicating  that  changes  introduced  in  the  glassy 
network  by  water  are  indeed  influencing  the  low-enei^  dynamics  of  B2O3  glasses. 

5.  CONCLUSIONS 

Several  different  wet  and  dry  B2O3  glasses  have  been  prepared  and  studied. 
Both  sub- structural  relaxations  and  the  water  content  present  in  this 
hygroscopic  material  affect  noticeably  its  physical  properties.  Mass  density  p 
shows  up  as  a  simple  useful  parameter  to  characterize  the  glassy  state  of  a 
given  B2O3  sample.  DSC  measurements  have  allowed  us  to  determine  the  fictive 
temperature  7}  from  enthalpy  variation  around  the  glass-transition  tempera¬ 
ture,  and  to  relate  it  to  different  methods  of  preparation  and  thermal  treat¬ 
ments  applied  to  glass  samples. 

Enthalpic  Ty^Cmuch  more  than  calorimetric  serves  as  a  thermodynamic 
link,  which  helps  to  correlate  and  parameterize  the  remarkably  wide  variation 
range  of  acoustic  and  elastic  properties  of  B2O3  glasses,  obtained  from  Brillouin- 
scattering  measurements.  This  simply  reflects  the  fact  that  solid  glasses  have 
frozen  out  the  structure  and  hence  the  physical  properties  of  the  supercooled 
liquid  which  would  be  in  thermal  equilibrium  at  the  temperature  7}  of  the 
corresponding  glass.  Owing  to  its  specific  physico-chemical  properties,  B2O3 
exhibits  a  transformation  range  much  wider  than  usual,  this  being  the  reason 
for  the  large  spread  of  physical  constants  from  B2O3  glass  to  B2O3  glass. 
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This  work  is  a  continuation  of  the  series  of  papers  on  the  model  of  ideal 
associated  solutions  as  applied  to  the  distribution  of  the  various  struc¬ 
tural  units  in  borate  glasses  and  melts.  It  is  shown  that  this  approach  yields 
an  adequate  description  of  the  medium-range  order  of  these  glasses  (melts). 
Also,  it  predicts  the  influence  of  temperature  on  the  distribution  of  the 
structural  units  which  are  characteristic  of  both  the  short-range  and  me¬ 
dium-range  order. 


1.  INTRODUCTION 

As  has  previously  been  shown  [1-4],  the  model  of  ideal  associated  solutions, 
when  applied  to  systems  formed  from  components  with  different  chemical  na¬ 
tures,  enables  reliable  information  to  be  obtained  on  the  distribution  of  the  basic 
structural  units  determining  the  short-range  order  in  glasses  and  melts.  These 
units  characterize  the  first  co-ordination  sphere  of  the  glass-forming  atoms  and 
include  BO3  triangles  and  BO4  tetrahedra  in  borate  glasses  (melts).  A  good  agree¬ 
ment  between  the  calculated  fractions  of  3 -fold  and  4-fold  co-ordinated  boron 
atoms  in  alkali  borate  glasses  and  melts  [1-3]  and  the  corresponding  experimen¬ 
tal  data  is  evidence  for  the  validity  of  the  thermodynamic  model  as  a  description 
of  the  structure  of  glasses  and  melts,  in  terms  of  their  short-range  order.  This  is 
due  to  the  possibility  to  transfer  easily  from  the  notions  used  in  the  model  to  the 
traditional  view  of  the  structure  of  glasses  and  melts.  In  general,  the  suggested 
approach  is  in  agreement  with  Hagg’s  concept  of  the  existence  in  glasses  of  group¬ 
ings  larger  than  the  basic  structural  units  [5],  which  has  been  supported  later  by 
Krogh-Moe  [6]  and  then  developed  by  Bray  and  co-workers  [7,8].  It  should  be 
noted  that  the  latter  have  made  a  quantitative  estimate  of  the  content  of 
superstructural  units  in  a  number  of  binary  and  ternary  systems.  Taking  this 
into  account,  the  present  paper  aims  to  determine  whether  the  model  of  ideal 
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associated  solutions  can  describe  the  medium-range  order  in  glasses  (melts) 
and  predict  the  influence  of  temperature  on  their  structure. 

2.  THE  MODEL  OF  ASSOCIATED  SOLUTIONS 

The  model  of  associated  solutions  [2],  based  on  the  rigorous  approach  of  De 
Donder,  is  valid  for  systems  formed  from  any  number  of  components  with  dif¬ 
ferent  chemical  natures.  This  model,  which  has  no  adjustable  parameters,  con¬ 
siders  glasses  and  melts  as  solutions  formed  from  (unreacted)  oxide  components 
and  the  salt-like  products  of  their  interaction,  the  latter  being  similar  in  their 
stoichiometry  to  the  crystalline  compounds  which  exist  in  the  phase  diagram  of 
the  system  in  question.  Their  structural  similarity  may  also  be  assumed. 

Single-phase  systems  can  be  described  using  the  ideal  approximation  of 
the  model.  This  implies  that  the  salt-like  products  and  the  unreacted  oxides 
form  an  ideal  solution.  As  shown  in  Ref.  [9],  this  approximation  is  valid  for 
a  large  variety  of  the  systems  that  form  the  basis  of  many  industrial  glasses 
(alkali  borates,  silicates,  germanates,  phosphates,  etc.). 

A  full  derivation  of  the  formalism  of  the  model  of  associated  solutions  has 
been  given  elsewhere  [2].  Briefly,  it  consists  of  solving  the  system  of  equations 
for  the  mass  balance  of  the  components  and  the  equations  for  the  law  of  mass 
action  for  all  reactions  proceeding  in  the  system.  The  solution  of  these  equa¬ 
tions  provides  information  on  the  chemical  structure  of  a  given  glass  (melt), 
which  implies  the  relative  content  of  the  salt-like  products  (groupings)  and  the 

-  1200°C 


-  800°C 

-  600°C 


Fig.l.  The  chemical  structure  of  sodium  borate  melts  at  600,  800  and  1200°C.  The  sodium 
borate  species  are  denoted  m:n  (i.e.  mNa20./7B203). 
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Fig.  2.  The  concentration  and  temperature  dependences  of  the  fraction  of  4-fold 
co-ordinated  boron  atoms  (N4)  in  sodium  borate  melts. 

unreacted  oxides.  The  relative  content  is  represented  by  the  number  of  moles 
or  the  mole  fractions,  Xj,  of  each  species.  Fig.  1  shows  the  chemical  structure 
of  sodium  borate  melts  at  different  temperatures.  The  species  denoted  m:n  are 
the  salt-like  groupings  of  the  same  stoichiometry  (mNa20.nB203)  as  the  crys¬ 
talline  compounds  which  form  in  the  Na20-B203  system.  The  standard  Gibbs 
free  energies  of  formation  of  the  compounds  mNa20.nB203^  necessary  for  the 
calculation  of  the  values  Xj  have  been  taken  from  Refs.  [10,1 1]. 

3.  INFLUENCE  OF  TEMPERATURE  ON  GLASS  (MELT) 
STRUCTURE 

As  shown  in  Refs.  [1-4],  a  knowledge  of  the  chemical  structure  enables  a  reliable 
description  to  be  made  of  the  distribution  of  the  various  structural  parameters 
which  characterize  the  short-range  order  in  borate  glasses  and  melts,  provided  that 
all  of  the  crystal  structures  in  a  given  system  are  known.  Now  it  will  be  determined 
whether  the  model  can  predict  the  influence  of  temperature  on  the  structure,  when 
the  latter  is  considered  at  two  levels  (short  and  medium-range  order). 

3.1.  Short-Range  Order 

Figure  2  shows  the  temperature  dependence  of  the  distribution  of  4-fold  coor¬ 
dinated  boron  atoms  (N4)  in  sodium  borate  melts  at  400-1200°C  over  the  compo¬ 
sition  region  0-65  mol%  Na20.  This  has  been  calculated  using  information  on  the 
chemical  structure  of  these  meltSL  As  is  seen,  in  the  region  up  to  15-18  mol% 
Na20,  the  temperature  dependence  of  N4  is  insignificant  (the  discrepancy  be¬ 
tween  the  curves  corresponding  to  different  temperatures  is  less  than  the  sensitiv¬ 
ity  of  direct  structural  methods),  although  the  chemical  structure  of  the  melts 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


217 


over  this  composition  icgion  changes  considerably  (see  Fig.  1).  As  the  content  of 
Na20  increases^  the  temperature  dependence  becomes  more  pronounced  and 
reaches  its  maximum  N4'^*l)  in  the  region  corresponding  to  the  stoichiomet¬ 
ric  composition  Na20.2B203.  Note  that  the  uncertainty  in  the  calculations  of  N4  as 
shown  by  the  error  bars,  is  ±0-02  in  the  region  up  to  33  mol%  Na20  and  ±0*03  at 
higher  sodium  oxide  contents,  which  is  due  to  the  fact  that  the  literature  data  on  the 
thermodynamic  potentials  of  the  ortho-  and  pyroborates  used  in  modelling  the  high- 
alkali  region  are  not  sufficiently  reliable. 

As  is  seen  from  Fig.  2,  an  increase  in  temperature  leads  to  a  decrease  in 
the  fraction  of  4-fold  coordinated  boron  atoms  in  sodium  borate  melts.  This 
might  be  interpreted  as  evidence  for  the  exothermic  nature  of  the  conver¬ 
sion  of  3-fold  coordinated  boron  atoms  to  4-fold  coordinated  atoms: 

B03  — >  B04  (1) 

where  0  represents  a  bridging  oxygen  atom.  However,  calculations  made  on 
the  basis  of  reliable  thermochemical  data  [10,12-14]  indicate  that  reaction  (1) 
is  a  weakly  endothermic  process  (A//^=+4*5  kcal/mol).  This  discrepancy  is 
explained  by  the  fact  that  here  as  in  any  other  borate  system,  reaction  (1)  cannot 
be  considered  alone,  since  its  progress  is  associated  with  another  process,  viz. 
with  the  formation  of  MOn  polyhedra,  where  n  is  the  coordination  number  of 
the  network  modifying  cations  with  respect  to  oxygen.  Since  this  is  a  highly 
exothermic  reaction,  the  overall  process 

M  +  nl202  +  B03  MOj,  +  B04  (2) 

is  exothermic,  which  is  in  agreement  with  the  temperature  dependence  of  the 
value  N4  shown  in  Fig.  2. 

The  above  example  indicates  that  great  care  is  required  concerning  so-called 
polymer  models  [15,16],  since  they  are  based  solely  on  a  consideration  of  reac¬ 
tions  of  type  (1).  Thus,  these  models  are  inadequate  in  that  they  only  include  a 
subset  of  the  processes  proceeding  in  systems  which  are  formed  from  compo¬ 
nents  with  different  chemical  natures  and,  as  a  result,  erroneous  values  are 
ascribed  to  the  equilibrium  constants  of  these  reactions. 

Figure  3  presents  the  change  in  the  value  of  N4  for  cuts  of  constant  Na20 
content,  equal  to  20  and  33-3  mol%,  when  sodium  borate  melts  are  cooled 
from  1200°  C  to  a  temperature  close  to  T^.  It  is  seen  that,  in  both  cuts,  the 
temperature  dependence  is  nonlinear,  the  nonlinearity  becoming  more  pro¬ 
nounced  with  increasing  temperature. 

3.2.  Medium-Range  Order 

A  consideration  of  the  structure  in  terms  of  the  short-range  order  enables 
some  properties  of  melts  and  glasses  to  be  described  qualitatively,  provided 
that  these  properties  are  not  too  sensitive  to  the  structural  peculiarities  of  a 
given  system  (e.g.  the  viscosity  of  silicate  glasses,  the  density  of  glasses  in  vari¬ 
ous  systems,  etc.).  However,  it  is  impossible  to  explain  such  properties  as  the 
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rig.3.  The  temperature  dependence  of  the  fraction  of  4-fold  co-ordinated  boron  atoms 
(N4)  in  sodium  borate  melts  at  constant  Na20  contents  of  20  and  33  mol%. 

viscosity  of  borate  glasses  and  the  coefficient  of  thermal  expansion,  isother¬ 
mal  compressibility,  optical  and  thermodynamic  properties  of  glasses  in  dif¬ 
ferent  systems,  in  terms  of  the  statistical  distribution  of  the  basic  structural 
units.  This  leads  to  the  idea  of  a  non-statistical  distribution  of  the  basic  struc¬ 
tural  units  and,  in  particular,  of  B03  triangles  and  B04  tetrahedra  in  borate 
glasses,  which  implies  the  formation  of  “superstructural  units”  in  which  the 
basic  units  are  connected  together  in  a  strictly  determined  way.  The  concept  of 
superstructural  units  results  in  a  more  detailed  approach  to  the  structure  of 
glasses  (melts)  at  the  level  of  the  medium-range  order. 

Superstructural  units  can  be  defined  as  specifically  arranged  groups  of  at¬ 
oms,  each  group  being  characterized  by  the  unique  value  of  the  standard  Gibbs 
free  energy.  The  formation  of  superstructural  units  is  the  basis  on  which  the 
model  of  associated  solutions  is  used  to  consider  the  medium-range  order  in 
glasses  (melts).  This  approach  allows  an  adequate  description  of  a  wider  range 
of  physical  properties  and  structural  peculiarities  of  various  glasses  and  melts 
than  can  be  obtained  from  the  short-range  order  alone. 

Judging  from  the  literature  data  on  the  structures  of  borate  crystals,  the 
average  dimensions  of  superstructural  units  are  in  the  range  of  5-10  A,  for 
different  borate  groups  (boroxol  rings,  diborate  and  triborate  groups,  etc.),  which 
makes  the  experimental  identification  of  superstructural  units  difficult.  Hence 
the  present  thermodynamic  approach  is  of  particular  interest,  because  the  pri¬ 
mary  purpose  of  the  model  of  associated  solutions  is  to  calculate  the  relative 
content  of  various  superstructural  units  in  melts  and  glasses  which,  in  terms 
of  the  model,  corresponds  to  the  concept  of  the  chemical  structure. 

In  respect  of  the  terminological  analogies,  special  attention  should  be  paid 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


219 


to  the  relationship  between  the  notion  of  a  superstructural  unit,  used  in  struc¬ 
tural  studies,  and  that  of  a  salt-like  grouping,  as  introduced  in  the  model.  In  a 
number  of  cases,  both  imply  one  and  the  same  thing.  This  is  true  for  diborate, 
triborate  and  pentaborate  units.  However,  some  groupings  consist  of  several 
superstructural  units,  e.g.  the  tetraborate  grouping  is  a  combination  of 
pentaborate  and  triborate  superstructural  units.  The  current  development  of 
experimental  methods  used  in  structural  studies  does  not  enable  a  distinction  to 
be  made  between  triborate  units  incorporated  into  tetraborate  groupings  and 

free  triborate  units  (in  other  words,  triborate  groupings).  However,  the  present 
calculations  unambiguously  indicate  that  in  some  glasses  (e.g.  in  the  sodium 
borate  system)  pentaborate  and  triborate  superstructural  units  are  distributed 
not  randomly  but  in  an  orderly  way,  viz.  they  form  tetraborate  groupings.  As  is 
clear,  this  leads  to  ordering  at  the  level  next  in  complexity  with  respect  to  the 
formation  of  superstructural  units.  Having  no  effect  on  the  scattering  of  X-rays 
and  neutrons,  this  ordering  reveals  itself  in  the  thermodynamic  properties  of 
glasses  and  melts.  Thus,  in  each  particular  case,  it  is  necessary  to  find  out  whether 
a  given  grouping  is  an  individual  superstructural  unit  in  itself  or  whether  it  is 
formed  from  several  other  units.  However,  the  notions  of  groupings  and 
superstructural  units  should  not  be  contrasted,  since  both  terms  imply  products 
of  the  ordered  distribution  of  the  basic  structural  units;  i.e.  B03  and  B04. 

As  shown  in  Ref  [3],  a  knowledge  of  the  chemical  structure  of  melts  and 
glasses  enables  the  distribution  of  their  basic  structural  units  to  be  calculated 
from  different  groupings  present.  This  means  that  the  combination  of  the  two 
structural  levels  is  intrinsic  to  the  model  of  associated  solutions,  i.e.  it  include 
both  the  short-range  and  medium-range  order.  Of  special  importance  is  the 
fact  that  no  structural  notions  are  originally  introduced  in  the  formalism  of 
the  model.  On  the  contrary,  these  notions  follow  from  its  very  basis,  viz.  from 
the  chemical  nature  of  the  components  forming  a  given  system.  As  an  illustra¬ 
tion,  consider  the  temperature  dependence  of  the  above  distribution  for  the 
sodium  borate  system,  as  shown  in  Fig.  4,  where  B^  is  the  fraction  of  3-fold 
coordinated  boron  atoms  incorporated  into  the  unreacted  BjOj,  T^  and  T''  are, 
respectively,  the  fractions  of  3-fold  and  4-fbld  coordinated  borons  distributed 
among  tetraborate  groupings  and  and  0“  are,  correspondingly,  the  frac¬ 
tions  of  boron  atoms  in  3-fold  and  4-fold  coordination  included  into  diborate 
groupings.  The  distribution  of  these  structural  parameters,  modelled  for  melts 
at  800  and  1200°  C,  are  compared  in  Fig.  4  with  the  relevant  NMR  data  for  the 
corresponding  glasses  from  Ref.  [7],  where  the  authors  suggest  the  presence  of 
diborate  and  tetraborate  groupings  in  the  region  0-35  mol%  NajO. 

As  seen  from  the  figure,  an  increase  in  temperature  leads  to  a  widening  of  the 
peaks  for  all  of  the  structural  parameters  shown.  This  is  evidence  for  the  redistri¬ 
bution  of  3-fold  and  4-fold  coordinated  boron  atoms  among  the  various  group¬ 
ings  in  glasses  as  the  temperature  changes.  Note  that  the  NMR  data  for  the 
glasses  are  in  better  agreement  with  the  model  at  1200°C  rather  than  at  800°  C, 
as  might  be  expected.  This  may  be  due  to  the  combined  uncertainty  in  the  present 
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Fig.  4.  The  distribution  of  3-fold  and  4-foId  co-ordinated  boron  atoms  among  various 

groupings  in  sodium  borate  melts  at  800  and  1200°C  (model)  and  glasses  (NMR  data 
from  Ref.  [7]).  The  notations  used  are  explained  in  the  text. 

calculations  and  those  of  Ref.  [7].  However,  it  is  the  general  trends  of  the  changes 
in  the  distribution  of  T\  and  with  temperature  that  is  of  primary 

interest  in  this  figure,  rather  than  the  absolute  values  of  these  parameters. 

3.3.  Structural  Motifs 

After  considering  the  structure  of  glasses  in  terms  of  the  distribution  of 
their  basic  structural  units,  the  next-commonest  approach  to  this  problem  is 
that  based  on  the  notion  of  structural  motifs  (chains,  layers  or  networks)  in 
glasses.  This  approach  is  in  complete  agreement  with  the  concept  of  the  chemi¬ 
cal  structure  of  glasses.  This  is  illustrated  by  Fig.  1,  where  the  intersection 
points  of  the  curves  showing  distributions  of  the  various  salt-like  groupings 
correspond  to  the  compositions  at  which  a  change  in  the  dominating  struc¬ 
tural  motif  occurs.  Note  that,  although  the  chemical  structure  of  the  sodium 
borate  system  has  been  calculated  allowing  for  the  presence  of  Na20.3B203  in 
the  phase  diagram,  the  number  of  triborate  groupings  in  the  melt  is  negligibly 
small  at  1200  and  800°C  and  becomes  barely  noticeable  (less  than  1%)  at  600°C. 
This  is  in  agreement  with  the  fact  that  Na20.3B203  melts  incongruently  and 
hence  is  thermodynamically  unstable  with  respect  to  decomposition  into  the 
neighbouring  (in  the  phase  diagram)  compounds,  Na20.2B203  and  Na20.4B203. 

A  similar  situation  exists  with  respect  to  the  presence  in  lithium  silicate  melts 
of  the  disilicate  grouping,  which  does  not  exceed  6%  at  12TC  and  whose  crys- 
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talline  analogue,  Li20.2Si02,  also  melts  incongruently.  These  examples  are  not 
exceptional  and  indicate  that  there  is  no  single  set  of  species  which  is  common 
for  all  glass-forming  systems  of  a  given  type.  In  each  particular  case,  this  set 
has  to  be  determined  on  the  basis  of  information  from  the  phase  diagram  of 
the  given  system,  followed  by  an  analysis  of  thermodynamic  stability  of  the 
relevant  compounds.  The  idea  of  a  certain  set  of  species,  which  is  unique  for  a 
range  of  borate,  silicate  or  other  systems,  can  lead  to  serious  mistakes  such  as 
the  misinterpretation  of  structural  data  obtained  by  various  experimental  tech¬ 
niques,  a  misjudgement  of  the  tendency  of  glasses  towards  crystallization,  etc. 

4.  CONCLUSIONS 

It  has  been  shown  that  the  concept  of  the  chemical  structure  of  glasses  and  melts, 
which  follows  from  the  model  of  associated  solutions,  enables  a  description  of  their 
structure  to  be  made  not  only  in  terms  of  the  short-range  order,  as  has  recently  been 
reported  [2-4],  but  also  at  the  level  of  the  medium-range  order.  In  addition,  this 
concept  provides  an  adequate  prediction  of  the  temperature  dependence  of  the  dis¬ 
tribution  in  glasses  (melts)  of  the  basic  structural  units  which  represent  the  short- 
range  order  as  well  as  that  of  the  superstructural  units  characterizing  the  medium 
range  order.  It  has  also  been  found  that  each  glass-forming  system  has  its  own  char¬ 
acteristic  set  of  species  present  in  the  glasses  (melts),  vdiich  has  to  be  determined  on 
the  basis  of  information  on  the  thermodynamic  stability  of  the  compounds  shown 
in  the  phase  diagram  of  the  system  in  question. 
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The  paper  summarises  the  results  of  a  systematic  investigation  of  glass  prop¬ 
erties  (glass  transition  temperature,  tendency  for  crystallisation  and  liquid 
immiscibility)  and  phase  equilibria  for  alkali  borosilicate  systems  and  presents 
phase  diagrams  for  the  K20-B203-Si02  and  Rb20-B203-Si02  systems.  Sev¬ 
eral  new  stable  and  metastable  compounds  have  been  found  and  X-ray  pow¬ 
der  diffraction  data  are  given  for  some  of  them.  The  comparison  of  plots  of 
glass  property  vs.  composition  with  the  corresponding  phase  diagrams  dem¬ 
onstrates  that  the  structure  of  all  of  the  alkali  borosilicate  glasses  contains 
boroleucite-type  groups  over  wide  eomposition  ranges.  The  concept  of  the 
“boroleucite  anomaly”  makes  it  possible  to  explain  the  presence  of  extrema 
in  many  of  the  properties  of  alkali  borosilicate  glasses  over  a  wide  region  in 
the  neighbourhood  of  the  boroleucite  composition. 


1.  INTRODUCTION 

It  is  well  known  that  the  addition  of  cations  to  boron  oxide  glass  results  in  the 
strengthening  of  its  network,  because  the  cations  transform  a  fraction  of  the 
boron  atoms  into  a  tetrahedrally-coordinated  state.  In  all  alkali  borate  glasses, 
the  maximum  content  of  tetrahedral  boron  occurs  at  25-30  mol%  alkali  oxide 
and  does  not  exceed  one-half  of  the  total  quantity  of  boron  atoms.  In  this  re¬ 
gion  (the  borate  anomaly  maximum),  the  structure-sensitive  properties  such  as 
the  glass  transition  temperature  and  chemical  durability  have  maxima. 

In  sodium  borosilicate  glasses  a  similar  effect  is  observed.  There  are  maxima  in 
the  concentration  variation  of  the  above  properties  and  of  some  other  properties 
(e.g.  density  and  refractive  index),  but  their  locations  are  far  from  the  borate  anomaly 
and  are  displaced  to  the  silica  comer  of  each  diagram.  In  the  neighbourhood  of 
the  maxima,  according  to  NMR  data  [1],  nearly  all  of  the  boron  atoms  are  in 
tetrahedral  co-ordination.  From  the  physical  chemistry  point  of  view,  a  new  type 
of  stmcture  forms  in  these  regions,  but  there  are  no  ternary  compounds  in  the 
sodium  borosilicate  system  with  which  this  stmcture  may  by  connected.  Similar 
tendencies  occur  in  other  alkali  borosilicate  systems,  but  their  glass  properties  are 
relatively  poorly  studied  and  their  phase  diagrams  remain  unknown  (except  for 
the  sodium  system).  This  paper  presents  a  comparative  physico-chemical  investi¬ 
gation  of  the  sodium,  potassium,  rubidium  and,  to  a  lesser  extent,  the  lithium  and 
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Fig,  1.  Tg  surfaces  for  the  NBS,  KBS  and  RBS  systems. 
The  numbers  near  the  curves  are  the  temperature  in  °C. 


cesium  borosilicate  systems  (NBS,  KBS,  RBS,  LBS  and  CBS,  respectively),  in  or¬ 
der  to  reveal  the  nature  of  the  alkali  borosilicate  (ABS)  anomaly 


2.  EXPERIMENTAL 

More  than  350  NBS,  KBS  and  RBS  and  nearly  20  LBS  and  CBS  composi¬ 
tions  were  prepared  in  the  form  of  glasses  and,  where  necessary,  in  the  form  of 
polycrystalline  materials  by  using  solid  state  reactions  (SSR).  The  glasses  were 
synthesised  in  platinum  crucibles  at  temperatures  of  900-1 600°C,  depending 
on  the  composition.  The  SSR  samples,  and  glasses  crystallised  at  certain  tem¬ 
peratures,  were  used  for  the  phase  equilibria  study.  The  glass  transition  tem¬ 
peratures  (Tg)  and  the  melting  points  (Tl)  were  determined  by  differential 
thermal  analysis,  to  an  error  of  ±5°C.  X-ray  powder  diffractometry  (XRPD) 
has  been  used  for  crystal  phase  identification.  The  details  of  the  liquid  immis- 
cibility  investigation  were  reported  in  Ref  [2]. 


3.  GLASS  TRANSITION  TEMPERATURES  FOR  ALKALI 
BOROSILICATE  SYSTEMS 

Figure  1  shows  “TgVS.  composition”  diagrams  for  the  NBS,  KBS  and  RBS 
systems,  based  on  the  present  data.  All  of  the  diagrams  depict  similar  surfaces 
of  intricate  topology,  with  maxima  near  the  silica  corner  of  each  diagram.  The 
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Fig.  2.  Polythermal  sections  of  Tg  surfaces:  (a)  with  8  mol%  alkali  oxide  and 
(b)  with  60  mol%  Si02.  The  T„i,  curves  represent  the  immiscibility  boundaries. 

data  for  the  LBS  and  CBS  systems  show  that  their  Tg  diagrams  have  a  similar 
shape  For  the  NBS  system,  it  is  clear  that  there  is  a  saddle  point  separating  the 
borosilicate  maximum  region  from  the  borate  anomaly  maximum.  Figure  2(a) 
demonstrates  that  such  saddle  points  are  present  in  other  systems  and  that  their 
depth  diminishes  with  increasing  cation  atomic  number.  This  means  that  the 
nature  of  this  new  structure  is  not  connected  with  the  borate  anomaly.  Another 
saddle  point  separates  each  borosilicate  maximum  from  Si02  in  all  of  the  dia¬ 
grams.  The  new  structure  type,  therefore,  also  differs  from  the  silica  glass  struc¬ 
ture.  The  composition  dependencies  of  ABS  Tg  surfaces  along  the  60  mol%  Si02 
line  are  compared  in  Fig.  2(b).  Each  of  the  dependencies  have  a  maximum  at 
approximately  20  mol%  alkali  oxide.  As  the  alkali  oxide  content  decreases,  the 
glass  transition  temperatures  diminish  too  and  the  heavier  the  cation,  the  greater 
the  rate  of  diminution.  The  only  exception  is  the  CBS  system,  whose  glass  tran¬ 
sition  temperatures  are  close  to  those  of  KBS  system.  At  approximately  10  mol%, 
the  composition  dependencies  of  Tg  in  all  of  the  systems  intersect  and  their 
extrapolation  to  zero  alkali  oxide  content  leads  to  different  values  of  Tg  for  the 
alkali-free  borosilicate  system  (Tgo).  Because  the  dependencies  must  in  reality 
terminate  at  the  same  point,  it  is  evident  that  they  must  all  pass  through  minima, 
and  the  heavier  the  cation,  the  deeper  the  minimum  (except  for  the  CBS  system). 
The  cation  atomic  number  dependence  of  Tgo  is  smooth  in  the  series  Li^Rb  and 
its  extrapolation  to  zero  atomic  number  gives  a  Tg  value  for  the  alkali-free  sys¬ 
tem  close  to  that  known  from  the  literature.  On  the  Tg  surfaces  (Fig.  1),  these 
minima  must  be  located  along  the  B203-Si02  axis  and  lie  very  close  to  it.  They 
separate  the  structure  connected  with  the  alkali  borosilicate  system  maxima  from 
that  of  the  alkali-free  borosilicate  glasses. 

The  Tg  surfaces  comparison  discloses  that  this  new  structure  is  common  for  all 
of  the  ABS  systems  and  covers  a  wide  composition  region.  There  are  no  ternary 
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Fig.  3.  Fragments  of  the  liquidus  surfaces  for  the  potassium  and  rubidium  borosilicate  systems. 

compounds  in  the  LBS  and  NBS  systems  to  explain  this  phenomenon.  The  re¬ 
quired  ternary  compounds  do,  however,  exist  in  the  KBS,  RBS  and  CBS  systems. 

4.  PHASE  DIAGRAMS  FOR  THE  KBS  AND  RBS  SYSTEMS 

The  ternary  compounds  K20.B203.4Si02  and  Rb20.B203.4Si02  were  first 
found  by  Voldan  [3,4],  while  Cs20.B203.4Si02  was  described  in  Ref.  [5].  They 
are  isostructural  with  each  other  and  with  the  high  temperature  cubic  form  of 
leucite  K20.Al203.4Si02.  The  structure  of  the  potassium  compound  named 
“boroleucite”  by  Voldan  was  investigated  independently  in  Ref  [6].  According 
to  Ref  [6],  all  of  the  boron  atoms  in  the  boroleucite  structure  are  in  fourfold 
co-ordination  and  statistically  replace  silicate  tetrahedra  in  the  three-dimen¬ 
sional  anionic  network.  The  cations  are  situated  in  large  framework  cavities. 
The  unit  cell  parameters  and  the  melting  temperatures  for  all  three  boroleucites 
are  given  in  Ref  [7]  but  a  Tl  value  of  about  1 150°C  is  now  suggested  for  the 
cesium  compound. 

The  first  versions  of  the  KBS  and  RBS  phase  diagrams  were  presented  pre¬ 
viously  [7,8],  while  their  improved  and  expanded  variants  are  shown  in  Fig.  3. 

For  the  description  of  phase  diagrams,  the  following  designations  will  be 
used:  K2O  -  K,  Rb20  -  R,  CS2O  -  C,  B2O3  -  B,  Si02  -  S;  for  example, 
K20.B203.4Si02  will  be  denoted  KB4S.  A  number  of  new  ternary  compounds 
have  been  found  in  the  KBS  system.  XRPD  data  for  some  of  these  were  given 
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Fig.  4.  Stable  and  metastable  phase  equilibria  in  the  KBS  system  at  (a)  and  (b)  580°C. 


Table  1 

XRPD  data  for  the  P-phase,  cubic,  unit  cell 
parameter  a=:8'779(2)  A 


d/n,  A 

Wo 

hkl 

5-08 

5 

111 

3-106 

100 

220 

2-648 

45 

311 

2-196 

15 

400 

2-015 

20 

331 

1-791 

5 

422 

1-689 

3 

511 

Table  2 

XRPD  data  for  the  M-phase 


d/n,  A 

I/Io 

d/n,  A 

I/I 

5-61 

15 

2-670 

10 

4-87 

20 

2-611 

10 

3-91 

15 

2-522 

10 

3-87 

100 

2-153 

20 

3-74 

75 

2-110 

30 

3-01 

50 

2-101 

30 

2-800 

35 

2-043 

20 

in  Ref.  [7,8],  but  now  their  compositions  can  be  refined:  the  R-phase  3K4B3S 
(not  5K7B6S),  decomposing  in  the  solid  state  above  650°C,  and  two  metastable 
phases,  2K5B  (not  3K8B)  and  the  Z-phase  3K2B4S  (not  6K5B7S).  Table  1 
presents  XRPD  data  for  a  new  metastable  P-phase,  5K8B4S,  named  pseudo- 
boroleucite  because  of  the  similarity  of  its  pattern  to  that  of  KB4S.  In  the 
ternary  system,  a  solid  solution  region  exists,  on  the  basis  of  the  M-phase,  5K1 1 B4S 
(stable  only  in  the  interval  600-640°C;  XRPD  data  are  given  in  Table  2).  Two 
ternary  solid  solutions  occur,  based  on  binary  compounds:  one  stable,  based 
on  K2B,  and  the  other  metastable,  based  on  2K5B.  Figure  4  shows  triangula¬ 
tion  variants  for  the  KBS  system  at  600  and  580°C. 

In  the  RBS  system  solid  solutions  have  been  recorded,  based  on  the  binary 
compounds  R5B  and  3R7B,  and  two  new  ternary  compounds  the  composi¬ 
tions  of  which  must  be  refined. 

5.  BOROLEUCITE  ANOMALY  IN  THE  STRUCTURE  OF  ALKALI 
BOROSILICATE  GLASSES 

The  central  regions  of  the  liquidus  surfaces  of  the  KBS  and  RBS  systems  are 
occupied  by  the  primary  crystallisation  fields  of  the  boroleucites  (Fig.  3).  The 
general  view  of  the  Tg  surfaces  (Fig.  1)  for  the  ABS  systems  shows  that  their 
shapes  are  similar  to  those  of  the  KBS  and  RBS  liquidus  surfaces.  For  these 
systems,  the  Tg  surface  maxima  are  located  at  the  boroleucite  composition  (marked 
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Fig.  5.  A  comparision  of  alkali  borate  and  borosilicate  systems:  Tg  for  (a)  glasses  located  at  the 
maxima  of  the  borate  and  boroleucite  anomalies  versus  reciprocal  atomic  radius  and  (b)  Tg  for 
glasses  with  compositions  corresponding  to  different  stoichiometries:  1:5,  pentaborates;  1:4, 
tetraborates;  1:3,  triborates;  1:2,  diborates  and  1:1,  extrapolation  for  metaborates. 

with  an  asterisk  in  Fig.  1).  The  thermal  stability  of  the  glasses  in  this  region 
corresponds  to  that  of  the  respective  crystals.  Indeed,  rubidium  is  the  most  ther¬ 
mally  stable  crystal  among  the  boroleucites;  the  potassium  cation  is  too  small 
and  the  cesium  cation  is  too  large  for  the  anion  framework  cavity  and  hence  their 
crystals  melt  at  lower  temperatures.  The  sodium  and  lithium  cations  are  so  small 
that  they  cannot  conform  to  the  anion  network  and  therefore  cannot  form  any 
crystalline  compounds.  During  the  discussion  of  Fig.  2(b)  the  same  relationship 
was  noted  between  the  Tg  of  glasses:  the  better  the  steric  matching  of  the  cation 
size  to  the  framework  cavity,  the  higher  the  glass  transition  temperature.  As  a 
result,  RBS  glass  has  the  highest  Tg  value  in  the  maximum  region.  For  the  other 
systems,  Tg  decreases  as  the  boroleucite  structures  become  weaker.  The  compo¬ 
sition  dependence  of  Tg  (Figs.  1  and  2)  is  determined  by  the  boroleucite  group 
content;  the  greater  this  content,  the  larger  the  connectivity  of  the  anion  net¬ 
work  and  the  higher  the  glass  transition  temperature.  The  difference  between 
borates  and  borosilicates  is  also  apparent  from  Fig.  5(a).  For  alkali  borate  glasses 
in  the  borate  anomaly  region,  the  normal  cation  field  strength  dependence  of  Tg 
can  be  seen:  the  greater  the  field  strength,  the  more  rigid  the  glass  structure  and 
the  larger  the  Tg  value.  For  the  boroleucite  anomaly,  the  rigidity  of  the  glass 
structure  is  not  sensitive  to  the  cation  field  strength,  but  is  governed  by  the  above 
steric  matching  of  the  cation  and  cavity  size.  Moreover,  in  Kauzmann’s  co-ordi¬ 
nates  (Fig.  5(b)),  the  points  for  systems  having  a  boroleucite  type  compound  lie 
on  a  straight  line.  For  alkali  borate  systems,  nothing  of  this  kind  is  observed. 
The  boroleucite  anomaly,  in  boroleucite  crystal  containing  systems,  produces 
so-called  “regular”  maxima  on  “property-composition”  diagrams  because,  in 
these  cases,  the  structure  of  the  glass  is  directly  related  to  the  crystalline  struc¬ 
ture.  The  borate  anomaly  causes  “irregular”  property  maxima,  because  the  struc¬ 
ture  of  the  glasses  does  not  correspond  to  any  particular  crystalline  structure 
but  generates  a  great  variety  of  compounds.  Another  fact  is  apparent  from  Fig. 
5(b).  Only  if  compositions  are  located  in  either  anomaly  maximum  region 
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(boroleucites,  di-,  tri-  and  tetraborates),  do  their  points  lie  close  to  the  Kauzmann 
rule  straight  line.  Pentaborate  and  metaborate  (extrapolated  data  for  Tg)  points 
depart  from  Kauzmann’s  line. 

6.  THE  NATURE  OF  LIQUID  PHASE  SEPARATION  IN  ALKALI 
BOROSILICATE  SYSTEMS 

Alkali  borosilicate  systems  are  the  only  non-organic  ones  having  ternary 
immiscibility  gaps  which  are  not  connected  with  phase  separation  in  corre¬ 
sponding  binary  systems.  This  phenomenon  may  appear  only  if  the  very  fac¬ 
tor  responsible  for  phase  separation  is  intrinsic  to  the  ternary  system  itself 
The  refined  versions  of  the  boundary  locations  for  the  NBS,  KBS  and  RBS 
immiscibility  gaps  are  presented  in  Ref  [9,10].  The  comparison  of  these  data 
with  literature  data  for  the  LBS  system  shows  that  the  cation  change  does  not 
affect  composition  limits  of  the  immiscibility  gap  along  the  major  axes  or  the 
tie-line  directions,  which  are  approximately  the  same  for  all  of  the  systems,  far 
from  the  upper  critical  points.  These  phase  separation  properties  are  deter¬ 
mined  by  the  anion  framework  common  to  ABS  systems.  The  cation  atomic 
number  affects  the  temperatures  of  the  upper  critical  points  and  the  extent  of 
the  gaps  along  minor  axes.  The  upper  critical  points  for  all  of  the  systems  lie 
along  a  straight  line,  and  the  minor  axes  for  all  systems  coincide  with  each 
other  and  with  this  line  [9],  which  passes  through  the  boroleucite  composition 
(the  critical  point  for  the  LBS  system  practically  coincides  with  it).  The  ten¬ 
dency  for  separation  is  greatest  at  the  critical  point  and,  in  ABS  systems,  it  is 
greatest  in  the  vicinity  of  boroleucite.  Figure  2(b)  depicts  the  immiscibility 
boundaries  for  ABS  systems  along  the  60  mol%  Si02  line.  The  low-alkali  bound¬ 
ary  locations  coincide  with  the  minimum  on  the  composition  dependence  of 
Tg,  i.e.  phase  separation  develops  with  increasing  alkali  oxide  content  only  if  a 
sufficient  quantity  of  boroleucite  groups  is  present,  resulting  in  an  increase  in 
the  glass  transition  temperature.  When  the  boroleucite  groups  begin  to  form  a 
three-dimensional  network,  the  miscibility  of  separated  phases  occurs.  Weak 
boroleucite  groups  are  present  in  the  lithium  system,  but  they  are  not  able  to 
form  a  network  and  thus  the  immiscibility  covers  a  large  composition  region, 
including  the  boroleucite  anomaly  maximum.  In  other  systems,  the  tempera¬ 
ture  and  composition  ranges  of  the  immiscibility  gap  decrease  as  the  strength 
of  the  boroleucite  groups  increases.  It  may  therefore  be  suggested  that,  be¬ 
cause  the  boroleucite  groups  in  the  CBS  system  are  weaker  than  those  in  the 
RBS  system,  the  immiscibility  gap  in  the  CBS  system  will  not  be  less  than  in 
the  RBS  system. 

7.  CONCLUSIONS 

The  comparative  physico-chemical  analysis  carried  out  above  cannot  pro¬ 
vide  information  about  the  form  of  boroleucite  groups  in  alkali  borosilicate 
glasses.  This  is  for  structure- sensitive  methods  to  determine.  It  may  only  be 
said  that:  (1)  the  existence  of  a  maximum  on  the  property-composition  dia- 
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grams  for  alkali  borosilicate  systems  is  connected  with  the  presence  of 
boroleucite  groups  in  the  glass  structure;  (2)  boroleucite  groups  are  present  in 
the  structure  of  all  alkali  borosilicate  glasses,  regardless  of  whether  the  corre¬ 
sponding  crystalline  compound  exists  in  the  system  (KBS,  RBS  and  CBS)  or 
not  (LBS  and  NBS);  (3)  the  fact  that  the  boroleucite  crystal  structure  contains 
only  four-coordinated  boron  is  the  reason  why,  in  the  glass,  nearly  all  of  the 
boron  atoms  are  in  the  tetrahedral  state  in  this  region;  (4)  the  flat  tops  of  the 
liquidus  surfaces  for  the  boroleucite  primary  crystallisation  fields  point  to  a 
high  degree  of  dissociation  for  these  congruently  melting  compounds;  (5)  large 
fragments  of  the  boroleucite  structure,  including  large  cavities,  remain  in  the 
melts;  (6)  boroleucite  groups  are  joined  to  one  another  and  form  a  strong  three- 
dimensional  anion  framework  that  explains  the  high  density,  high  chemical 
stability  and  some  other  properties  of  the  glasses  in  this  anomalous  region  and 
(7)  liquid  immiscibility  may  be  used  as  an  indicator  of  structural  transforma¬ 
tions  in  the  boroleucite  anomaly  region  of  alkali  borosilicate  systems. 
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Borate  glasses  containing  Si02  and  Te02  have  been  synthesised  both  by  tra¬ 
ditional  melting  technology  and  by  the  sol-gel  method.  The  influence  of  the 
method  of  preparation  on  the  short  and  medium  range  order  as  well  as  on 
the  formation  of  microheterogeneities  is  examined  by  transmission  electron 
microscopy  and  electron  diffraction.  The  structural  evolution  is  established 
both  in  the  gels  and  in  the  glasses  after  thermal  treatment. 


INTRODUCTION 

The  role  of  vitreous  boron  oxide  as  a  basic  glass-former  has  been  intensively 
investigated  using  various  different  complementary  techniques.  Recently  a  re¬ 
view  has  been  presented  [1],  on  the  basis  of  a  neutron  diffraction  study,  and 
conclusions  are  drawn  concerning  the  main  structural  units.  The  fraction  of 
boron  atoms  involved  in  boroxol  groups  (B3O6)  is  found  to  be  0-8,  which  is  in 
agreement  with  earlier  results  [2-4].  The  structure  of  glasses  containing  boron 
oxide  is  very  complicated  and  its  study  involves  the  solving  of  several  structural 
problems:  first,  the  participation  of  BO3  and  B3O6  units  in  the  network  depends 
on  the  method  of  synthesis  and  second,  the  appearance  of  BO4  and  other  more 
complex  superstructural  units  follows  the  introduction  of  M2O  or  MO  into  the 
glass  composition.  Finally,  further  structural  complications  arise  from  the  abil¬ 
ity  of  B2O3  to  form  heterogeneous  structures  in  multicomponent  systems,  which 
may  result  from  liquid  phase  separation,  metastable  immiscibility,  etc. 

In  previous  studies  by  the  present  authors,  the  boundaries  between  the  ho¬ 
mogeneous  and  heterogeneous  amorphous  compositions  have  been  established 
for  various  B203-Te02-Min0n  systems  [5,6].  Different  oxides  were  used  as  the 
third  component,  in  appropriate  concentrations:  (i)  modifying  oxides  -  Ag20, 
CaO,  SrO  and  BaO;  (ii)  transitional  metal  oxides  -  Ti02,  Cr203,  CoO,  NiO, 
MnO,  WO3,  Fe203  and  CuO  and  (hi)  oxide  glass  formers  -  Ge02,  Sb203  and 
Si02.  Recently  special  attention  has  been  paid  to  the  systems  B203-Te02  and 
B203-Si02-Te02,  which  only  contain  glass  formers,  due  to  the  possibility  of 
obtaining  specific  microstructures  with  a  wide  variety  of  dimensions,  depend¬ 
ing  on  the  thermal  treatment  regime  and  the  composition  [7,8]. 
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The  precursors  and  the  mode  of  preparation  also  influence  the  formation 
of  different  glass  structures  and,  in  this  connection,  sol-gel  technology  is  of 
special  interest,  since  it  can  be  employed  for  the  production  of  fibres,  coatings 
and  bulk  materials.  By  this  method,  it  is  possible  to  create  new  glass  composi¬ 
tions  with  a  high  concentration  of  non-traditional  components,  to  prevent  the 
appearance  of  micro-  and  macrophase  separation  and  to  improve  the  homo¬ 
geneity  of  the  glasses.  Borosilicate  compositions  have  been  prepared  by  the 
sol-gel  method  [9,10]  and  the  structural  evolution  has  been  studied,  following 
heat  treatment  of  the  gels,  by  IR  and  NMR  spectroscopy.  Conclusions  are 
drawn  concerning  the  co-ordination  number  of  the  boron  atoms  with  respect 
to  oxygen  and  the  formation  of  B-O-Si  bonds  [11-16]. 

In  the  present  study,  the  structure  of  melt-quenched  amorphous  samples  from 
B2O3,  B203-Te02  and  B203-Si02  systems  are  compared  and  the  structural  evo¬ 
lution  from  the  gel  to  the  gel-glass  is  examined  using  electron  diffraction  (ED) 
and  transmission  electron  microscopy  (TEM).  The  purpose  is  to  determine  the 
basic  structural  units  composing  the  glass  network  in  the  system  B203-Si02- 
Te02  and  to  obtain  new  information  concerning  the  tendency  for 
microaggregation,  as  a  function  of  the  composition  and  the  mode  of  formation, 

EXPERIMENTAL 

H3BO3,  Si02  and  Te02  were  used  as  the  starting  materials  for  the  prepara¬ 
tion  of  the  melt  quenched  glasses.  The  batches  were  heated  in  platinum  cruci¬ 
bles  in  an  electrical  furnace  and  melted  at  a  temperature  of  ~1200°C.  Different 
cooling  rates  were  employed  to  obtain  melt-quenched  glasses:  slow  cooling  in 
the  crucibles  (10-100°C/s)  and  roller  quenching  techniques  (lO'^^C/s). 
Tetraethylorthosilicate  (TEOS)  and  triethylborate  (TEB)  were  used  as  precur¬ 
sors  for  the  synthesis  of  the  gels,  using  the  techniques  explained  in  ref  [9].  The 
gels  were  thermally  treated  at  200  and  600°C. 

A  Philips  EM400  electron  microscope  was  employed  to  examine  powder 
specimens  by  transmission  electron  microscopy  (TEM)  and  electron  diffrac¬ 
tion  (ED).  Te02  was  used  to  nucleate  the  formation  of  microheterogeneities,  in 
accordance  with  the  phase  diagram  for  B203-Te02  [17].  It  also  enhances  the 
contrast  in  the  TEM  observations. 

The  main  advantage  of  ED  is  the  possibility  of  determining  the  short  range 
order  (SRO)  in  microvolumes,  from  small  quantities  of  sample  and  thin  films, 
and  also  for  materials  containing  both  light  and  heavy  elements.  Another  ad¬ 
vantage  is  that,  with  the  same  equipment,  it  is  possible  to  carrying  out  experi¬ 
ments  to  determine  the  morphology  and  electron  scattering  for  one  and  the 
same  region  of  the  sample.  The  method  is  not  very  popular  because  of  various 
experimental  difficulties,  which  are  connected  with  incoherent  scattering  of 
the  electrons.  This  problem  may  be  solved  directly,  by  electrostatic  filtering  of 
the  incoherently  scattered  electrons  [18,19],  or  indirectly,  following  methods 
based  on  the  comparison  of  the  background  scattering  from  the  same  sub¬ 
stance  in  the  amorphous  and  crystalline  state  [20-22].  These  methods  were 
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Fig.  1.  (Left)  TEM  micrograph  of  the  55B2O3.45  SiOi  gel  sample,  after  heating  at  600°C,  and 
(Right)  TEM  micrograph  of  the  50Te02.10B203.40Si02  glass  sample. 


verified  for  pure  Te02,  which  may  be  crystallised  under  the  influence  of  elec¬ 
tron-beam  irradiation,  in  that  they  yielded  identical  results. 

The  primary  electron  diffraction  data  were  measured  photometrically,  with 
a  Carl-Zeiss  (Jena)  microphotometer,  to  yield  the  intensity  curves.  Corrections 
for  the  incoherent  scattering  and  background  intensity  were  made  according 
to  ref  [20]  and  the  data  were  normalised  using  the  procedure  described  by 
Vainstein  [23].  The  atomic  Radial  Distribution  Function  (RDF)  was  obtained 
by  Fourier  transformation  of  the  coherently  scattered  intensity.  The  first  peak 
positions  were  determined  by  fitting  with  Gaussian  functions. 

RESULTS  AND  DISCUSSION 

Figure  1(a)  is  a  TEM  micrograph  of  the  55B203.45Si02  gel  sample  after  heat¬ 
ing  at  600°C.  It  demonstrates  that  the  gel  has  a  homogeneous  structure.  The 
structure  of  the  melt-quenched  glass  with  the  same  composition  is  identical. 

In  comparison,  pure  vitreous  B2O3  and  binary  compositions  containing  a  small 
amount  of  Te02  (<4%)  develop  different  types  of  microheterogeneity,  which  arc 
well  resolved  by  TEM  [8].  The  first,  here  referred  to  as  the  “background  struc¬ 
ture”,  consists  of  ultrafine  nanometer-sized  inhomogeneities  (1-3  nm).  As  pointed 
out  elsewhere  [8]  such  a  structure  is  typical  for  B2O3  glass  (slow  cooled  samples), 
but  is  not  found  in  other  glass  formers.  The  second  type  of  microheterogeneity  is 
well-shaped  spherical  formations,  ranging  in  size  from  10  to  20  nm.  These  exist 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


233 


•  # 

BORON  OXYGBN 

Fig.  2.  Computer  model  of  a  cluster  without  free  bonds,  containing  66  B  atoms  and 
99  O  atoms,  with  46%  of  the  B  atoms  in  B3O6  groups. 

either  separately  or  as  conglomerates.  Finally,  different  types  of  large  scale  droplet 
are  formed.  The  latest  two  microstructures  are  due  to  metastable  phase  separa¬ 
tion.  A  comparison  of  B203-Si02gels  and  glasses  with  more  complicated  compo¬ 
sitions  from  the  B203-Si02-Te02  system  shows  (Fig.  1(b))  that  Te02  nucleates  the 
formation  of  microheterogeneities  embedded  in  the  amorphous  matrix. 

In  the  authors’  opinion,  the  different  types  of  inhomogeneity  and 
microaggregation  in  borate  compositions  are  directly  influenced  by  the  specific 
building  units  simultaneously  participating  in  the  more  complex  borate  melts. 
One  qualitative  explanation  may  be  given  on  the  basis  of  the  SRO  parameters 
for  the  structural  polyhedra  [24].  In  fact,  the  problem  of  the  inhomogeneous 
structure  of  glass-formers  was  discussed  a  long  time  ago.  For  example,  in  the 
papers  of  Zarzycki  [25],  the  problem  of  the  atomic  domain  structure  is  described. 
The  most  precise  classification  of  the  microheterogeneities  is  developed  by  Porai- 
Koshits  et  al  [26],  for  both  one  component  and  different  binary  systems,  on  the 
basis  of  SAXS  measurements  and  includes  thermal  density  fluctuations,  struc¬ 
tural  inhomogeneities,  supercritical  fluctuations  and  heterogeneous  structures 
resulting  from  the  interconnection  of  similar  structural  complexes.  Following 
this  classification  and  the  results  obtained  by  Golubkov  [27],  the  background 
structure  observed  in  our  TEM  experiments  may  be  considered  as  a  more  com¬ 
plicated  structure  also  including  thermal  density  fluctuations.  Recently,  on  the 
basis  of  NMR  results,  it  has  been  proposed  that  boron  oxide  glass  consists  of 
domains  with  a  variable  content  of  boroxol  rings  [28]. 
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Fig.  3.  RDF  curves  for  B2O3  gel  and  glass  Fig.  4.  RDF  curves  for  55B203.45Si02  gel 
samples.  and  glass  samples. 

Using  molecular  mechanics  techniques  (MMT),  an  attempt  has  been  made 
to  simulate  the  formation  of  nanoscale  clusters  in  vitreous  B2O3P].  When  B10O15 
units  (the  molecule  of  Gerber  [29])  are  used  as  a  superstructural  unit,  together 
with  BjOg  and  BO3  groups  in  appropriate  ratios,  an  energetically  and  geometri¬ 
cally  minimised  model  cluster  may  be  constructed  (Fig.  2),  which  contains  66 
boron  atoms  and  99  oxygen  atoms  without  free  bonds.  The  resulting  model 
density  is  T79  gcm“^  following  the  calculating  procedure  recommended  in  ref 
[30].  The  first  B-O  distances  and  O-B-O  angles  for  both  the  BO3  and  B3O6 
groups  in  the  cluster  are  1-36  A  and  120°  respectively.  The  dimension  of  the 
cluster  is  about  15  A.  These  computer  modelling  studies  show  that,  by  using 
an  appropriate  combination  of  structural  units,  it  is  possible  to  obtain  borate 
glass  network  fragments  with  different  degrees  of  microheterogeneity,  and  this 
is  why  information  about  the  SRO  and  the  main  building  units  of  the  glass- 
network  is  important  in  the  generation  of  more  realistic  structures.  Figure  3 
shows  the  RDF  curves  for  amorphous  B2O3  samples  obtained  under  different 
conditions.  The  (B-O)  distances  between  the  atoms  in  the  first  co-ordination 
shell  are  identical  (r i~l  4  A),  while  the  maximum  at  2-33  A  is  well  resolved  and 
corresponds  to  0-0  pairs  (r2)  and  to  the  B-B  distances  (r3)  within  the  boroxol 
group  as  discussed  in  ref  [2].  The  shoulder  at  approximately  2-7  A,  which  may 
be  attributed  to  the  next  B-O  distance  in  the  B3O6  group  (r4),  is  absent  in  the 
gel  and  appears  in  the  RDF  curve  only  after  thermal  treatment  of  the  sample 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


235 


175 


-25  -I - ' - 1 - ' - 1 - ^ - 1 - ' - 1 - ' - 1 

0  1  2  3  4  5 

r(A) 

Fig.  5.  RDF  curve  for  50Te02.10B203.40Si02  glass. 

up  to  600°C  The  other  point  of  note  is  that,  after  heating,  the  distance  r^, 
corresponding  to  the  third  B-O  distance  in  the  B3O6  unit,  is  shifted  from  3*7  A 
to  3-6  A  as  found  in  the  melt-quenched  sample. 

The  RDF  curves  for  the  binary  compositions  (Fig.  4)  are  similar  to  that  for 
amorphous  Si02.  The  diffraction  data  for  the  thermally-treated  gel  and  the 
melt-quenched  glass  are  almost  the  same.  There  is  a  shoulder  at  '^1*4  A  and 
peaks  at  ~l-6  A  and  ~2-5  A.  Some  differences  appear  in  the  curves  in  the  re¬ 
gion  above  3  A,  consisting  of  a  change  in  the  peak  heights  at  4  and  5  A.  Ac¬ 
cording  to  a  model  developed  by  Kamyia  et  al.  [31],  this  may  be  explained  in 
terms  of  the  presence  of  4-fold  siloxane  rings  in  the  gel.  Only  after  heating  are 
these  destroyed  and  the  structure  is  transformed  and  becomes  similar  to  that 
of  the  melt-quenched  glasses  containing  only  6-fold  rings. 

In  the  RDF  of  the  three-component  glass,  50Te02.10B203.40Si02  (Fig.  5), 
peaks  are  observed  associated  with  the  Si-O  atomic  pairs  at  ~T6  A  and  the 
Te-O  pairs  at  ~T9  A.  The  maximum  at  3-38  A  may  possibly  be  due  to  Si-Si 
pairs  from  adjacent  Si04  tetrahedra.  The  displacement  of  this  maximum  to 
higher  r,  in  comparison  with  pure  Si02,  may  result  from  overlapping  distances 
from  the  B3O6  group,  while  Te-Te  pairs  are  responsible  for  the  maximum  at  3-9 
A,  which  is  also  shifted  to  higher  r  in  comparison  with  pure  Te02.  According 
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to  earlier  results  of  Dimitriev  [24],  the  addition  of  a  second  component  leads 
to  a  change  in  the  Te04  polyhedra  as  a  result  of  the  inclusion  of  other  struc¬ 
tural  units  into  the  vitreous  network.  Hence,  the  angles  between  the  polyhedra 
are  altered  and  the  Te-Te  distances  also  are  changed.  This  result  indicates  that 
the  structure  of  such  a  complex  Te02-B203-Si02  glass  comprises  independent 
polyhedra  participating  simultaneously  in  one  and  the  same  network. 

CONCLUSION 

Using  TEM  and  ED  it  has  been  shown  that  the  mode  of  formation  and  the 
cooling  rate  influence  both  the  type  of  basic  structural  unit  (short  range  order) 
and  the  manner  of  their  interconnection  in  the  glassy  network  (medium  range 
order).  They  also  determine  the  tendency  for  the  formation  of  microheterogeneities 
in  these  glasses  The  medium  range  order  structure  of  the  gels  is  different  but,  after 
thermal  treatment,  it  is  transformed  into  the  glass  structure. 
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X-ray  photoelectron  spectroscopy  and  low-energy  ion  scattering  spectroscopy 
have  been  used  to  characterize  the  surfaces  of  boron  oxide,  sodium  borate 
and  barium  aluminoborate  glasses.  It  is  shown  that  the  Bis  binding  energy 
cannot  distinguish  between  3-fold  and  4-fold  coordinated  boron.  The  ISS  analy¬ 
ses  show  a  depletion  of  modifier-ions  in  the  surface  monolayer  of  the  glasses. 
In  the  case  of  melt  surfaces,  this  modification  of  the  surface  can  be  attributed 
to  evaporation  and  diffusion.  In  the  case  of  fracture  surfaces,  it  is  necessary  to 
consider  the  effects  of  ionic  fractoemission  and  surface  reconstruction. 


1.  INTRODUCTION 

The  surface  tension  of  B2O3  is  one  of  the  lowest  for  any  inorganic  oxide  glass  melt 
(~  80  dyn/cm  at  1000°C).  Qualitatively,  at  least,  this  can  be  attributed  to  its  molecular 
structure.  The  planar  boron  oxide  groups  can  orient  themselves  in  the  surface  of  the 
melt  to  minimize  their  distortion  by  the  asymmetric  environment,  as  well  as  to  mini¬ 
mize  the  number  of  dangling  bonds  [1,2].  These  ideas  are  consistent  with  the  fact 
that  B2O3  exhibits  a  positive  temperature  coefficient  for  surface  tension.  Accord¬ 
ingly,  the  increasing  temperature  disorients  the  low-energy  surface  structure^  and 
thereby,  raises  the  surface  tension.  (This  is  anomalous  behavior  in  the  sense  that 
most  liquids  show  a  decrease  in  surface  tension  as  the  temperature  is  increased  to¬ 
wards  the  boiling  point.)  Kingery,  however,  suggested  that  surface  orientation  is 
only  a  minor  factor  in  the  observed  positive  temperature  coefficient  for  surface  ten¬ 
sion  [3].  He  attributed  it  to  changes  in  the  liquid  structure  with  increasing  tempera¬ 
ture;  that  is,  to  a  decrease  in  the  effective  ion  size  at  elevated  temperature. 

The  measurements  of  surface  tension  for  a  series  of  binary  alkali  borates  by 
Shartsis  &  Capps  show  the  classical  boron  oxide  anomaly  [4]  (although  there 
are  numerous  statements  in  the  literature  that  surface  tension  does  not  exhibit 
the  anomaly).  The  fact  that  the  surface  tension  goes  through  a  maximum  is 
consistent  with  a  higher  partial  molar  surface  energy  for  tetrahedral  versus 
trigonal  boron  oxide  molecular  groups.  Perhaps  of  greater  significance,  though, 
was  their  observation  that  the  (positive)  temperature  coefficient  of  surface  ten¬ 
sion  was  constant  up  to  about  20  mol%  alkali  oxide.  They  interpreted  this  to 
mean  that  the  surface  of  these  melts  was  largely  B2O3.  They  attributed  the 
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effect  to  a  surface-localized  tendency  toward  immiscibility. 

Altogether,  these  observations  about  surface  tension  suggest  that  a  driving-force 
exists  to  segregate  and  to  orient  planar  boron  oxide  groups  in  the  surface  of  glass: 

(1)  in  the  case  of  pure  B2O3,  concentration  and  orientation  of  the  largest  groups 
-  presumably  boroxyl  rings  -  can  be  expected; 

(2)  in  the  case  of  binary  alkali  borates,  segregation  and  orientation  of  planar 
boron  oxide  groups  to  the  surface,  and  displacement  of  tetrahedral  groups 
away  from  the  surface,  would  occur; 

(3)  in  the  case  of  more  complex  borate  glasses,  such  as  alkali  or  alkaline  earth 
aluminoborates,  the  displacement  of  high-energy  aluminate  groups  by  planar 
boron  oxide  seems  most  likely; 

(4)  and  in  the  case  of  borosilicate  glasses,  the  segregation  of  boron-oxide  to 
the  surface  also  seems  likely 

Some  additional  consequences  of  these  events  would  be: 

(5)  the  absence  or  depletion  of  alkali  and  alkaline  earth  species  in 
multicomponent  borate  surfaces  since  they  are  most  commonly  associated  with 
the  higher  energy  tetrahedral  boron  oxide  groups,  and 

(6)  the  preferential  spreading  of  borate-rich  phases  at  the  surface  of  immiscible 
compositions. 

Of  course,  the  extent  to  which  any  of  these  events  might  occur  depends  upon 
the  activity  and  mobility  of  planar  boron  oxide  species  in  the  bulk  of  the  glass. 
Moreover,  the  viscosity/temperature  of  the  glass,  as  well  as  the  external  pressure 
and  atmosphere,  can  further  modify  the  surface  composition  and  structure  due 
to  volatilization  and  surface  reaction.  Thus,  it  is  necessary  to  analyze,  directly, 
the  surface  composition  and  structure  to  further  develop  these  models. 

It  is  evident  that  although  there  have  been  numerous  studies  of  silicate,  phosphate 
and  fluoride  glasses  using  surface-sensitive  techniques,  there  has  been  little  compa¬ 
rable  evaluation  of  borates.  X-ray  photoelectron  spectroscopy  (XPS)  and  low-en¬ 
ergy  ion  scattering  (ISS)  have  been  widely  applied  to  characterize  the  non-bridging 
oxygen  activity  and  atomic  arrangement  at  multicomponent  silicate  glass  surfaces 
[5,6].  Likewise,  XPS  has  been  used  to  examine  the  distribution  of  anion  sites  in 
phosphate  and  fluoride  glasses  [7,8].  The  XPS  studies  of  borate  glasses  already  re¬ 
ported  [9-11]  did  not  include  compositions  or  standards  to  test  the  sensitivity  to 
non-bridging  (NBO)  oxygen  or  boron  coordination.  In  this  study,  XPS  and  ISS 
were  evaluated  for  their  capability  to  characterize  borate  glass  surfaces;  specifically, 

•  to  distinguish  [BO3]  versus  [BOJ  groups  at  glass  surfaces, 

•  to  detect  the  presence  and  concentration  of  non-bridging  oxygens,  and 

•  to  measure  the  enrichment  or  depletion  of  alkali  at  borate  glass  surfaces. 

2.  EXPERIMENTAL  PROCEDURE 

The  glasses  were  melted  in  platinum  crucibles  using  reagent-grade  raw  ma¬ 
terials.  The  triphenylboron,  triphenylboroxine  and  borophosphate  (BPO4) 
standards  were  reagent-grade.  The  crystalline  standards  (tourmaline  and 
danburite)  were  obtained  courtesy  of  the  Mineral  Museum  at  the  Pennsylva- 
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Relative  Pauling  Charge 

Figure  1.  Relation  between  the  measured  Bis  photoelectron  binding  energy  and  the  charge 
on  boron  calculated  using  equation  1 ;  each  measurement  was  performed  2-3  times  on 

different  samples. 

nia  State  University.  The  surfaces  to  be  analyzed  were  prepared  by  fracturing 
in  air  and/or  in  vacuum,  or  by  annealing  sessile  drops  on  graphite  substrates. 
The  air-sensitive  powders  were  mounted  for  analysis  in  a  nitrogen-purged  glove 
bag  that  was  interfaced  directly  to  the  surface  analysis  instrument. 

The  XPS  analyses  were  performed  with  a  Kratos  XSAM  800  using  Mg  Ka 
radiation  (1253-6  eV).  In  all  cases,  the  XPS  data  was  collected  in  the  high- 
resolution  mode.  The  binding  energy  scale  was  calibrated  against  Cls  at  284-6 
eV.  The  ISS  analyses  were  performed  using  a  Kratos  cylindrical  mirror  analyzer 
with  a  ^He"^  ion  beam.  The  ion  beam  energy  was  varied  over  the  range  1000  eV 
to  3000  eV  to  vary  the  scattering  depth. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  presents  a  plot  of  the  Bis  photoelectron  binding  energies  measured 
for  a  variety  of  boron-containing  molecules,  crystals,  and  glasses.  The  glasses 
and  crystals  were  chosen  to  provide  structures  wherein  the  boron  coordination  is 
known  to  be  uniquely  3-fold  (N3)  or  4-fold  (N4).  The  molecular  standards  were 
chosen  to  provide  lower  Pauling  charge  by  substitution  of  C  for  O  around  boron 
in  the  planar  3-fold  configuration.  The  glasses  and  crystals  were  fractured  to 
provide  surfaces  whose  composition  and  structure  were  assumed  to  be  equiva¬ 
lent  to  the  bulk  structure.  The  validity  of  this  assumption  is  discussed  below. 
The  observed  binding  energies  cover  the  range  from  '-1 89  to  194  eV,  and  verifies 
the  sensitivity  of  XPS  to  the  short-range  order  in  these  materials. 

The  measured  binding  energies  have  been  plotted  against  the  Pauling  charge. 
The  Pauling  charge  was  calculated  on  the  basis  of  the  known  structures  of 
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these  materials  using: 


(1) 

where,  q,  =  Pauling  charge  on  atom  i,  =  number  of  bonds  between  atoms  i 
and  j,  and/ij  =  fractional  ionicity.  In  these  calculations,  only  the  first  near- 
neighbors  of  the  boron  ions  were  considered.  If  it  is  assumed  that  this  Pauling 
charge  is  sufficient  for  describing  the  Bis  binding  energy  dependence  upon 
local  structure  [12,13],  a  deviation  occurs  for  structures  wherein  the  boron  atoms 
are  uniquely  N4  (Pauling  charge  =  2-5),  This  deviation  could  reflect  a 
reconstruction  of  these  surfaces  to  yield  only  N3  at  the  surface,  but  this  is 
considered  unlikely  because  these  surfaces  were  created  at  room  temperature. 
An  alternative  interpretation  of  this  deviation  concerns  the  calculated  Pauling 
charge.  Since  the  excess  negative  change  on  N4  sites  must  be  compensated  by 
second  near  neighbors  (e.g.,  alkali  and  alkaline  earth  ions,  or  in  the  case  of 
BPO4,  P^^),  the  Pauling  charge  calculation  based  solely  upon  first  near¬ 
neighbors  may  be  overestimated.  In  fact,  use  of  the  modified  Sanderson  charge 
model  [14,15],  which  considers  electronegativity  equalization  between  larger 
groups  of  atoms  and  molecules,  yields  partial  charges  on  the  boron  vdiich  are 
almost  identical  for  B2O3  and  BPO4.  This  necessarily  implies  that  the  electron 
density  on  the  boron  ion  is  nearly  equivalent  in  N3  and  N4  configurations,  and 
consequently,  the  Bis  binding  energy,  alone,  cannot  be  used  to  distinguish  the 
coordination  number  for  boron. 

Figure  2  summarizes  XPS  data  for  a  series  of  Ba-aluminoborate  glasses. 
Over  this  range  of  R-values  (where  R=(BaO-Al203)/B203),  the  fraction  of 
boron  in  tetrahedral  coordination  (N4)  varies  from  ~0-05  at  R=0,  to  0*35  at 
R=0-5,  and  falls  to  0T5  at  R=l-45.  These  characteristics  of  the  bulk  structure 
were  independently  determined  using  MAS-NMR.  Figure  2(a)  shows  that  the 
Bis  and  01s  photoelectron  binding  energies  decrease  continuously  over  this 
range  of  compositions.  In  the  range  R=0  to  0-5,  where  the  appearance  of  tet¬ 
rahedral  boron  occurs  in  the  bulk,  neither  the  shape  nor  the  width  of  the  Bis 
spectra  suggests  any  measurable  distribution  of  boron  bonding  configurations 
on  the  surface.  A  similar  trend  was  observed  in  the  case  of  Na-borate  glasses, 
although  the  range  of  glass  compositions  that  could  be  examined  in  this  sys¬ 
tem  was  limited  to  R-values  up  to  0*5.  In  both  cases,  though,  the  modified 
Sanderson  method  revealed  a  linear  relationship  between  the  Bis  binding  en¬ 
ergy,  and  the  calculated  partial  charge  on  the  boron  [15].  This  indicates  that 
there  is  an  averaging  effect  of  the  glass  composition  upon  the  electron  density 
at  all  of  the  boron  sites. 

Figure  2(b)  shows,  however,  that  the  01s  lines  for  the  Ba-aluminoborate 
glasses  with  R>0-5  are  broadened.  This  broadening  occurs  in  those  composi¬ 
tions  where  the  existing  structure  models  for  these  aluminoborate  glasses  would 
predict  the  creation  of  non-bridging  oxygens  (~5%,  26%  and  51%  NBO  for  R- 
values  of  0-5,  0-72  and  1*45,  respectively).  A  deconvolution  of  the  spectra  into 
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Figure  2.  XPS  data  for  a  series  of  barium  aluminoborate  glasses,  (a)  Bis  and  Ols  binding 
energy  versus  composition,  and  (b)  high  resolution  Ols  spectra  with  deconvolution  of 
bridging  and  non-bridging  oxygen  contributions. 

two  lines  -  where  the  lower  binding  energy  component  at  529-8  eV  corresponds 
to  the  NBO  -  yields  ~0,  19%  and  54%,  respectively,  for  the  percentage  NBO  in 
these  three  compositions.  Their  agreement  with  the  calculated  values  suggests 
that  the  NBO  content  of  the  surface  is  equivalent  to  the  bulk. 

ISS  data  were  collected  on  two  series  of  borate  glasses.  One  of  these  is  the 
sodium  borate  system  and  the  other  is  the  barium  aluminoborate  system.  In 
low-energy  ISS,  the  incident  He  ions  are  almost  exclusively  scattered  in  the  out¬ 
ermost  monolayer  of  the  glass.  Thus,  this  method  is  exceedingly  sensitive  to 
atomic  rearrangement  or  reconstruction  of  the  surface.  The  most  interesting 
aspect  of  these  measurements  concerned  the  modifier  species  Na  and  Ba.  The 
data  in  Figures  3  and  4  summarize  the  results.  It  is  clearly  evident  that  the  meas¬ 
ured  ion  scattering  intensity  ratios  scale  with  the  bulk  concentration  ratios.  But 
the  plots  do  not  extrapolate  through  zero.  A  similar  relationship  is  observed  in 
silicate  glasses  except  that  the  extrapolation  suggests  an  enrichment  of  alkali  in 
the  surface  monolayer.  In  the  case  of  silicate  glasses,  this  has  been  attributed  to 
a  rearrangement  whereby  the  alkali  shields  dangling  oxygen  bonds  on  the  silica 
tetrahedra,  and  thereby,  is  enriched  in  the  surface  monolayer. 

In  the  case  of  these  borate  glasses,  the  extrapolation  suggests  depletion  of 
Na  in  the  case  of  sodium  borate,  and  depletion  of  Ba  in  the  case  of  barium 
aluminoborate,  at  the  surface.  Since  the  majority  of  the  Na  and  Ba  modifier 
species  are  expected  to  be  associated  with  tetrahedral  borate  groups,  this  ob¬ 
servation  also  suggests  a  depletion  of  N4  groups  (and/or  enrichment  in  N3 
groups)  at  the  surface,  or  the  presence  of  electronic  defects.  The  fact  that  the 
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Figure  3.  ISS  data  showing  the  dependence  of  relative  scattering  intensity  in  the  surface 
monolayer  of  clean  fracture  surfaces  upon  the  bulk  Na/O  atomic  ratio  in  NaiO-BiOs  glasses. 

Ba  depletion  is  enhanced  in  melt  surfaces,  versus  the  fracture  surfaces,  is  not 
surprising.  In  the  case  of  the  melt  surfaces,  it  is  likely  that  evaporation  and 
diffusion  could  facilitate  this  surface  modification.  The  fracture  surfaces,  on 
the  other  hand,  were  created  at  room  temperature.  It  is  possible  that  a  recon¬ 
struction  of  the  surface  borate  groups  from  N4to  N3  (due  to  the  higher  partial 
molar  surface  energy  of  the  N4  groups)  could  create  a  driving  force  for  the 
modifier-ion  to  hop  into  the  sub-surface.  The  localized  heating  created  during 
the  fracture  could  enhance  this.  It  is  more  likely,  though,  that  the  fracture  event 
itself  participates  in  the  reconstruction.  The  fracture  process  is  highly  ener- 


Figure  4.  ISS  data  for  dean  fracture  surfaces  and  melt  surfaces  of  barium  aluminoborate  glasses. 
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getic,  and  in  many  solids,  the  emission  of  electrons,  photons  and  ions  accom¬ 
pany  the  fracture  event  (so  called  fractoemissions)  [16].  The  fractoemissions 
observed  during  crack-propagation  in  glasses  has  been  found  to  include  modi¬ 
fier  ions  [17].  Here,  the  ionic  fractoemission  of  Ba  and  O,  and  the  reconstruc¬ 
tion  of  N4  to  N3,  could  facilitate  the  creation  of  lower  eneigy  surfaces.  Although 
speculative  at  this  time,  this  model  could  explain  the  data  reported  here  and 
elsewhere,  for  borate  glasses. 

4.  SUMMARY 

The  Pauling  charge  model  predicts  that  the  Bis  binding  energy  associated 
with  the  BO4  groups  should  be  measurably  greater  than  that  of  BO3  groups. 
But  the  analysis  of  a  variety  of  reference  standards  and  aluminoborate  glasses 
do  not  show  this  distinction.  The  modified  Sanderson  method  for  calculating 
the  charge  on  boron  based  upon  electronegativity  equalization  over  a  larger 
number  of  atoms  shows  an  excellent  correlation  with  the  XPS  data  (due  to 
space  limitations,  it  could  not  be  included  here  -  see  15).  This  is  consistent  with 
the  network  model  for  these  glasses,  as  opposed  to  models  with  discrete  mo¬ 
lecular  configuations.  The  ISS  studies  showed  that  the  modifier  concentra¬ 
tions  in  the  surface  monolayer  are  not  equal  to  their  bulk  concentrations. 
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There  is  a  close  correspondence  between  short  range  structure,  determined 
spectroscopically,  and  physical  properties  in  alkali  borosilicate  glasses.  The 
density  and  glass  transition  temperature  were  measured  in  all  alkali  boro¬ 
silicate  glass  systems  for  a  very  wide  range  of  alkali  concentrations,  in  fami¬ 
lies  of  glasses  with  constant  silica  to  boron  oxide  ratios.  The  density  data 
are  compared  with  quantitative  structural  models  as  determined  by  the  “B 
NMR  work  of  Bray  and  coworkers. 


1.  INTRODUCTION 

The  "B  NMR  work  of  Phil  Bray  and  coworkers  on  borosilicate  glasses  and 
the  consequent  development  of  quantitative  structural  models  [1-4]  has  led  to  a 
much  better  understanding  of  the  short  range  order.  This  laboratory  has  at¬ 
tempted  to  elucidate  quantitative  relationships  between  these  models  with  meas¬ 
urements  of  various  physical  properties  over  the  widest  compositional  ranges 
reported  to  date  [5-8].  This  paper  presents  thorough  property  results  from  these 
glass  systems  and  it  compares  these  data  with  structural  information. 

2.  EXPERIMENTAL  PROCEDURES 

Glass  batches  were  prepared  from  reagent  grade  or  better  silica,  boron  oxide, 
boric  acid,  and  either  alkali  carbonates  or  alkali  oxides.  These  two  sets  of  start¬ 
ing  materials  were  used  to  broaden  glass  formation  in  regions  where  one  set  of 
starting  materials  was  not  effective  in  producing  glass  [7].  The  glasses  were  made 
either  in  platinum  or  vitreous  carbon  crucibles.  The  glasses  displayed  increasing 
hygroscopic  tendencies  with  increasing  alkali  content  and  such  glasses  were  melted 
and  handled  in  glove  boxes  under  a  dry  nitrogen  atmosphere. 
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The  well-mixed  batches  were  fused  at  1000-1400°C  for  periods  of  about 
twenty  minutes.  The  samples  were  weighed  five  minutes  before  the  end  of  fu¬ 
sion  to  verify  sample  composition  as  reported  previously  [9].  The  samples  were 
reheated  and  either  roller-quenched,  plate-quenched,  or  cast  depending  on  the 
ease  of  glass  formation. 

Density  was  measured  either  by  a  modified  sink-float  method  employing 
acetone  and  diiodomethane  [6]  or  through  the  use  of  a  micropycnometer  which 
used  helium  gas.  The  experimental  uncertainty  is  estimated  to  be  ±0*02  g/cc. 
The  glass  transition  temperature  was  measured  on  either  a  Perkin-Elmer  DSC- 
2  or  DTA  with  each  operated  at  a  scan  rate  of  40  K/min.  Runs  were  repeated 
and  the  estimated  batch- to -batch  experimental  uncertainty  in  the  onset-de¬ 
fined  Tgis  ±7  K. 

3.  EXPERIMENTAL  RESULTS 
3.1  Density 

Table  1  lists  the  densities  of  these  glasses  as  a  function  of  R  with  fixed  K, 
where  R  and  K  are  the  molar  ratios  of  alkali  oxide  and  silica  to  boron  oxide, 
respectively. 

Table  1 

Densities  of  Alkali  Borosilicate  Glasses  Measured  in  This  Laboratory  ( in  g/cc  with  an 

uncertainty  of  ±0-02  g/cc,  values  in  italics  are  from  glasses  prepared  from  alkali  oxides) 


Lithium 

R 

II 

o 

o 

II 

K=l-0 

K=3-0 

Potassium 

R  K=0 

II 

o 

K=2-0 

K=4-0 

0-00 

1-81 

1-92, 1-91 

1*97, 1-98 

0-00 

L81 

L97,L98 

0-05 

1-88 

0-05 

L97 

0-10 

1-96 

2-03 

0-07 

2-02 

0-15 

2-00 

0-10 

2-07 

0-20 

2-11 

2-12 

2*12 

0-15 

2-10 

0-25 

2-10 

0-20 

2-13 

0-30 

2-18 

0-25 

2-16 

0-40 

2-22 

2-26 

2-28 

0-30 

2-19, 2-20 

2-27 

0-50 

2-27 

0-40 

2-30, 2-27 

0-60 

2-28 

2-33 

2-34 

0-50 

2’32 

2-34 

2-40 

2-34, 2-35 

0-70 

2*28 

0-60 

2-30, 2-31 

0-80 

2-28 

2-35 

2-37 

0-60 

2-33 

0-90 

2-24 

0-70 

2-30 

2-42, 2-42 

1-00 

2-23 

2-34 

2-38 

2-32 

0-80 

2-31, 2-31 

MO 

2-24 

LOO 

2-42 

2-46 

2-46 

1-20 

2-19 

2-32 

LOO 

2-40, 2-43 

2-47,2-48 

1-30 

2-18 

2-36 

L20 

2*45 

1-40 

2*18 

L50 

2-38 

2*46 

2-47,2-48 

1-50 

2-16 

2-27 

2*39 

L60 

2-28 

1-60 

2-14 

2-33 

L90 

2-29 

1-70 

2-15 

2-00 

2-37 

2-41, 2*41 

1-80 

2-11 

2-00 

2-48, 2-48 

1-90 

2-09 

2-10 

2-32 

2-00 

2-12 

2-22 

2-30 

2-38 

2-30 

2-32 

2-10 

2-09 

2-50 

2-32 

2-39 

2-49 

2-20 

2-09 

2-70 

2*32 

2-30 

2-08 

2-90 

2-32 
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2-40 

2-08 

3-00 

2-37,2-40  2-38,2-39  2-46 

2-50 

2-07 

4-00 

2-38,2-39  2-43 

2-60 

2-10 

4-00 

2-39 

2-70 

2-10 

5-00 

2-33  2-43 

2-75 

2-10 

6-00 

2-44,2-45 

3-00 

2-14 

2-22 

2-35 

7-00 

2-42 

4-00 

2-13 

2-18 

2-33 

5-00 

2-11 

2-16 

6-00 

2-14 

2-27 

7-00 

2-09 

2-13 

8-00 

2-11 

10-00 

2-10 

Sodium 

R 

K=0 

K=0-5 

K=l-0  K=l-5 

K=2-0 

K=3-0 

K=4-0  K=6-0 

0-00 

1-81 

1-91,  1-92  1-97, 

oo 

0-05 

1-92 

0-07 

2-00,  2-03 

010 

2-04 

0-15 

2-11,  2-13 

2-11 

0-20 

2-14 

2-16 

2-17 

0-25 

2-19 

0-30 

2-25 

2-27 

0-40 

2-32 

2-35 

2-37 

2-33 

0-50 

2-37 

2-41 

2-41 

2-40 

2-43 

2-45 

2-37 

0-60 

2-37 

2-45 

0-70 

2-37, 

2-38 

2-47 

2-47 

2-49 

0-80 

2-39 

0-85 

2-37 

1-00 

2-48,2-50  2-50 

2-51,  2-52  2-51 

2-50  2-43 

1-20 

2-43 

1-30 

2-36 

1-50 

2-47 

2-50 

2-50,  2-51  2-51 

2-52 

1-70 

2-39 

1-90 

2-43 

2-00 

2-39 

2-45 

2-49 

2-52 

2-20 

2-39 

2-25 

2-51 

2-50 

2-38 

2-42 

2-46 

2-48 

2-51 

2-70 

2-39 

3-00 

2-39 

2-47 

2-50 

2-51 

3-20 

2-39 

3-50 

2-34 

2-46 

2-48 

2-49 

2-52 

4-00 

2-51 

2-52 

4-80 

2-53 

7-00 

2-52 

Rubidium 

Cesium 

R 

K=0 

K=1 

K=2 

K=4 

R 

K=0 

K=1  K=2  K=4 

0-00 

1-81 

1-97,1-98 

0-00 

1-81 

1-97,1-98 

0-10 

2-17,2-18 

0-05 

2-10 

0-20 

2-38,2-41 

0-10 

2-39 

0-29 

2-61 

0-15 

2-51 

0-30 

2-58,2-61 

0-20 

2-71 

0-40 

2-79,2-80 

0-25 

2-78 

0-50 

2-92 

2-76,2-81 

2-67 

2-56 

0-30 

2-96 

0-52 

2-95 

0-31 

2-97 

0-60 

2-99 

0-35 

5-98 

0-70 

3-04 

0-40 

3-20 

0-80 

3-06 

0-50 

3-12  2-94  2-74 
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1-00 

3-10 

2-99 

1-50 

3-16 

3-13 

1-88 

3-38 

2-00 

3-23 

3-20 

2-17 

3-40 

2-22 

3-45 

2-50 

3>47 

3-34 

3-24 

2-54 

3-48 

2-69 

3-49 

3-00 

3-32 

3-33 

3-50 

3-34 

4-00 

3-35 

4-50 

3-38 

5-00 

5-89 

6-00 

2-85, 2-82 

0-79 

3’57 

2-99, 2-99 

LOO 

3-60 

h08 

3-77 

3-09 

P40 

3-89 

1-44 

3-89 

L50 

3-16 

h89 

3-98 

2-00 

3  99 

2-50 

3-24 

2-58 

4-15 

3-29 

2-70 

4-07, 4' 

3-32, 3-33 

3-00 

3-36 

3-50 

3-38 

4-00 

3-39 

4-50 

3-38 

5-00 

6-35 

3*16 


3-74 

3-62 

3-37 

3-92 

3-78 

3-53 

3-93 

3-65 

3-98 

3-81 

4-01 

3-88 

4-04 

3- 96 

4- 04 

4-00, 4-01 
3-98 

3.2  Glass  Transition  Temperature 

Table  2  displays  the  Tg  data  obtained  from  the  alkali  borate  and  borosilicate 
series  as  a  function  of  R  for  fixed  K  families. 

Table  2 

Tg  Data  for  Alkali  Borosilicate  Glasses  Measured  in  This  Laboratory  (in  K  with  an 
uncertainty  of  ±7  K.  Values  in  italics  are  from  glasses  prepared  from  alkali  oxides) 


Lithium 


R 

II 

o 

K=0-5 

II 

o 

K=2-0 

K=3' 

0-00 

533 

574 

582 

0-05 

570 

0-10 

616 

652 

0*15 

668 

703 

733 

0-20 

708 

734 

753 

0*20 

706 

0-30 

757 

770 

0-30 

762 

0-40 

769 

770 

776 

0-50 

773 

788 

770 

0-60 

756 

779 

787 

0-70 

741 

0-80 

730 

758 

783 

0-90 

714 

LOO 

694 

739 

766 

791 

779 

LOO 

743 

L20 

651 

718 

782 

L20 

652 

720 

L30 

742 

L50 

602 

680 

768 

787 

L50 

604 

L60 

714 

L90 

566 

2-00 

554 

624 

680 

740 

771 

2-00 

624 

2-20 

547 

2-40 

542 

Potassium 


R 

o 

li 

o 

K=2-0  K=4-0 

0-00 

533 

582 

0-10 

618 

0-10 

615 

0-20 

675 

0-30 

705 

745 

0-40 

719 

0-50 

705 

786 

843 

0-50 

844,846 

0-60 

678 

0-70 

643 

903 

LOO 

714,713  819,834 

L50 

662 

847,855 

2-00 

623 

682  765 

2-50 

590 

3-00 

562 

634,630  703,694 

3-50 

602 

4-00 

574 

593  672 

4-00 

601,601  665 

5-00 

560  647,643 

6-00 

579  613 

7-00 

599 

7-50 

590 

8-00 

634 
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Lithium 

R  K^O 
2-50 

2-60  543 

2-70  544 

2-75  548 

2-75  544 

2- 80  546 

3- 00 
3-00 

3-00  568 

3- 30 
400 
400 

4- 50 

4- 50 

5- 00 
5-00 
5-00 

5- 00 
600 

6- 00 
7-00 

7- 50 

8- 00 

8- 50 

9- 00 
900 
9-50 
1000 
11-00 
Rubidium 

R  K=0 
0-00  533 

015  641 

0-18  644,650 

0-30  694 


K=0-5 

II 

o 

K=2-0 

o 

II 

o 

II 

R 

o 

II 

K=( 

712 

0-00 

533 

574 

0-20 

702 

0-30 

748 

0-40 

0-50 

752 

0-70 

715 

570 

607 

677 

724 

0-80 

749 

571 

682 

722 

1-00 

713 

1-50 

648 

734 

1-60 

556 

583 

584 

605 

682 

713 

2-00 

530 

589 

582 

630 

2-50 

516 

551 

567 

3-00 

505 

536 

562 

3-50 

525 

548 

605 

607 

638 

704 

4-00 

517 

608 

680 

4-50 

508 

679 

5-00 

684 

5-50 

525 

569 

619 

621 

650 

6-00 

652 

7-00 

510 

544 

635 

623 

635 

8-00 

613 

9-00 

526 

590 

629 

11-0 

K=0-5  K^l-0  K=2-0  K=4-0 
574  582 


K=0 

533 

635 

648 

704,700 

703,703 


K=2  K=4 

582 


1-00 

895 

1-35 

557 

703 

912 

1-38 

573 

648 

832 

1-50 

614 

689 

822 

1-62 

539 

1-85 

513 

615 

672 

766 

2-00 

583 

639 

752 

2-18 

534 

587 

649 

710 

2-24 

506 

570 

625 

702 

2-34 

460,467 

567 

2-50 

593 

695 

I'll 

507 

604 

679 

2-79 

501 

589 

633 

2-80 

503 

594 

2-85 

501 

593 

654 

3-00 

589 

653 
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5  00 

633 

5-89 

612 

6-00 

610 

6-89 

610 

7-74 

605 

3-21 

3-28 

3-50 

492 

480 

574 

648 

3- 62 

4- 00 

483 

543 

639 

4-50 

548 

634 

5-00 

612 

4.  STRUCTURE-PROPERTY  RELATIONSHIPS:  DENSITY 

Generally,  the  "B  NMR  work  of  Phil  Bray  and  others  [3,4]  indicates  that 
the  structure  of  alkali  borosilicates  can  be  thought  of  as  consisting  of  separate 
borate  and  silicate  networks.  The  NMR  results  indicate  that  initial  alkali  added 
to  these  systems  goes  preferentially  to  the  borate  network  until  some  value  for 
R,  denoted  here  as  Above  R^  alkali  is  shared  between  the  two  networks.  In 
the  sodium  borosilicate  system  the  model  proposed  by  Dell  &  Bray  has  some 
additional  features  [4]. 

The  structure  of  the  borate  aspect  in  the  ternary  glass  is  similar  to  that  of 
the  binary  alkali  borates.  As  R  is  increased  from  zero  alkali  oxide  is  shared 
between  the  borate  and  silicate  parts  of  the  glass.  In  the  borate  subsystem  with 
increasing  R  trigonal  borons  convert  to  the  tetrahedral  form.  With  further 
alkali  oxide  addition  trigonal  borons  with  NBOs  appear.  The  structural  mod¬ 
els  which  follow  allow  fractional  quantities  of  all  basic  borate  groupings  to  be 
determined  [8]. 

Recent  ^^Si  MAS  NMR  on  lithium,  sodium,  and  potassium  borosilicates 
indicates  that  silicate  tetrahedra  with  varying  numbers  of  NBOs  are  present  in 
these  glasses  [10-12].  Sharing  of  the  alkali  oxide  also  is  indicated  by  the  chemi¬ 
cal  shifts  observed  in  the  ^^Si  MAS  NMR  data. 


R 


♦  Li 
■  Na 
aK 
xRb 
o  Cs 


Fig.  1.  Volume  per  mole  boron  oxide,  Vb,  as  a  function  of  R  in  K=1  alkali  borosilicate 
glasses.  The  straight  lines  are  meant  to  serve  as  guides  to  the  eye. 
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Table  3 

Slopes  and  Intercepts  from  Vb  Plots  of  Alkali  Borosilicate  Glasses  with  R>0-5. 


Alkali 

K 

[SiOJ/[B203l 

Vo 

(cc/mol) 

AVo/K 

(cc/mol  per  unit  K) 

slope 

(cc/mol  per  unit  R) 

F 

F 

Li 

0 

28-65 

16-27 

0-41 

0-998 

Li 

1 

52-60 

23-95 

15-22 

0-44 

1-000 

Na 

0 

29-21 

26-13 

0-50 

1-000 

Na 

1 

53-01 

23-79 

24-90 

0-52 

0-999 

Na 

2 

78-08 

24-44 

22-93 

0-57 

0-992 

Na 

4 

125-36 

24-04 

23-48 

0-55 

0-999 

K 

0 

30-41 

40-61 

0-66 

1-000 

K 

1 

53-96 

23-56 

39-64 

0-68 

0-999 

K 

2 

74-54 

22-07 

41-08 

0-66 

0-999 

K 

4 

127-05 

24-16 

38-59 

0-70 

0-999 

Rb 

0 

31-26 

49-45 

0-65 

1-000 

Rb 

1 

53-57 

22-31 

50-92 

0-63 

0-999 

Rb 

2 

76-35 

22-54 

50-50 

0-64 

0-999 

Rb 

4 

125-73 

23-62 

48-69 

0-66 

0-999 

Cs 

0 

30-09 

63-95 

0-65 

0-999 

Cs 

1 

55-44 

25-35 

60-77 

0-69 

0-999 

Cs 

2 

79-36 

24-63 

60-83 

0-68 

0-999 

Cs 

4 

125-36 

23-82 

60-94 

0-68 

0-997 

A  useful  way  to  view  the  density  is  to  plot  the  volume  per  mole  boron  oxide, 
Vb,  as  a  function  of  R  for  fixed  K  values.  A  representative  plot  is  shown  in  Fig. 
1  for  the  K=  1  alkali  borosilicates.  A  close  examination  of  the  low  alkali  regime 
in  the  Li  and  Na  glasses  shows  there  is  an  actual  decline  in  this  volume  as 
compression  occurs  due  to  the  coordination  change  of  the  borons.  As  R  in¬ 
creases  beyond  0*5  there  is  a  linear  increase  in  this  volume  for  all  of  the  alkali 
systems.  This  is  thought  to  occur  because  non-bridging  oxygens  are  formed  on 
the  silica  tetrahedra  along  with  boron  tetrahedra  being  converted  back  to  trigo¬ 
nal  borons  with  various  numbers  of  NBO’s.  The  slopes  of  the  linear  regime  are 
alkali  dependent  and  nearly  independent  of  K  while  the  Y-intercept,  defined 
as  Vo,  is  very  nearly  independent  of  alkali  and  is  a  strong  function  of  K  (see 
Table  3).  In  Table  3  the  quantity  AVq/K  was  determined  from 

AVo/K  =  (Vo(K)-Vo(K=0))/K  (1) 

and  is  a  measure  of  the  change  in  the  volume  of  the  silica  tetrahedra  as  silica 
content  is  varied  in  the  glass.  The  silica  network  contracts  in  each  alkali  system 
since  the  corresponding  value  for  Vq  in  silica  glass  is  27-25  cmVmol.  The  slopes 
and  values  for  ionic  radii  [13-15]  allow  for  a  calculation  of  the  differential  filled 
space  ratio,  F,  (which  represents  the  filling  of  space  as  R  changes  by  unity  in  a 
particular  K  family),  see  Table  3.  The  quantity  given  in  Table  3,  is  the  square 
of  the  correlation  coefficient  from  the  least  squares  analyses  of  the  data.  As  the 
alkali  become  larger  than  oxygen  (K,  Rb,  Cs)  the  value  for  F  is  nearly  constant 
and  is  approximately  that  of  the  random  packing  of  hard  spheres  (0-64). 
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5.  CONCLUSIONS 

Extensive  physical  property  data  from  the  alkali  borosilicate  glass  systems 
are  presented.  These  data  have  been  related  to  structural  models  from  NMR 
[1-8,  10-12]. 
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Optical  microscopy,  x-ray  powder  diffractometry,  and  differential  thermal 
analysis  techniques  have  been  utilised  to  determine  differences  in  the  nu- 
cleation  rates,  I,  between  wet  and  dry  Ca,  Sr  and  Ba  borophosphate  glasses. 
It  is  apparent  that  small  amounts  of  water  affect  the  nucleation  rates,  which 
will  control  the  final  microstructure.  The  effect  of  water  vapor  soaking  has 
been  tested  to  find  the  best  way  to  promote  the  crystallisation. 


1.  INTRODUCTION 

Glass-forming  in  alkali  and  alkali-free  borophosphate  systems  and  in  the 
Me0~B203-P205  system  has  been  described  in  several  papers  [1-4].  As  regards 
structural  glass  formation  and  the  physical  as  well  as  the  chemical  properties 
of  glasses,  the  systems  R2O-B2O3-P2O5  (R=Li,  Na,  K,  Ag)  have  been  subject 
to  the  most  systematic  study  [5-1 1].  Previous  work  [12-14]  has  been  concerned 
with  the  study  of  borophosphate  glass-forming  systems  containing  RO  oxides 
(R=Mg,  Ca,  Sr,  Ba),  with  respect  to  the  glass  structure  and  its  physical  and 
chemical  nature.  In  Ref  [14]  the  results  are  reported  from  an  investigation  of 
glasses  in  the  system  Sr0-B203-P205,  including  the  crystallisation  ability,  sof¬ 
tening-point  temperature,  chemical  stability  and  electrical  resistivity  of  the 
glasses.  Work  [15]  has  been  reported  regarding  the  formation  of  structural 
groups  during  synthesis,  as  well  as  those  existing  in  the  glass-forming  system 
Ba0-B203-P205,  and  is  concerned  with  the  chemical  reactions  that  occur  dur¬ 
ing  the  thermal  processing  of  Ba0-B203-xP205  (x==0-60  mol%)  mixtures  and 
the  structure  of  the  glasses  that  evolve  with  the  gradual  addition  of  P2O5.  The 
assumption  that  chemical  compound  formation  among  the  constituents  de¬ 
termines  the  structure  and  properties  of  the  glass  prior  to  melting  is  the  major 
premise  of  this  work.  Glass  formation  regions,  following  quenching  from 
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Fig.  1.  The  glass  formation  regions  in  the  systems  Me0-B203-P205. 
1,  Me=Ca;  2,  Sr;  3  and  4,  Ba  (4  from  Ref.  [1]). 


1200°C,  were  also  studied  in  Ref.  [15].  Reference  [13]  is  devoted  to  a  study  of 
the  glass-formation  and  some  of  the  physicochemical  properties  of  glasses  in 
the  Me0-B203-P205  system,  where  Me=Mg,  Ca,  Sr,  Ba,  Zn  and  Cd. 

No  previous  work  has  been  reported  regarding  the  crystallisation  kinetics 
of  Ca,  Sr  and  Ba  borophosphate  glasses  and  so,  in  this  work,  the  crystallisa¬ 
tion  kinetics  of  Me0-B203-P205  glasses  are  investigated.  The  choice  of  this 
system  was  dictated  by  several  interested  factors.  First,  MeO  borophosphate 
glasses  are  of  practical  importance,  as  the  basis  of  the  production  of  stillwellite 
glass-ceramics.  Second,  for  these  glasses,  not  only  the  surface  crystallisation, 
but  also  volume  nucleation  is  observed. 

The  glass  formation  regions  in  these  systems  are  shown  in  Fig.  1 .  A  feature 
of  all  the  systems  is  the  presence  of  two  glass-forming  regions,  which  do  not 
overlap:  the  first  “high-phosphate”  is  contiguous  with  the  MeO-P205  line,  and 
second  “borate”  is  close  to  the  Me0-B203  line. 

2.  EXPERIMENTAL 
2.1.  Glass  Synthesis 

The  batch  to  be  conventionally  melted  was  prepared  from  reagents  of  ana¬ 
lytical  purity:  phosphoric  acid,  boric  acid  and  Ca,  Sr  and  Ba  carbonates.  The 
glasses  were  melted  at  1300°C  for  2  h,  except  for  the  Ca-containing  glasses, 
which  were  melted  at  1400°C  for  2  h.  The  samples  were  produced  by  a  single 
pouring  onto  a  steel  plate  to  yield  thicknesses  of  5-7  mm,  3-4  mm  and  «0-5 
mm,  respectively,  for  the  Ba-,  Sr-  and  Ca-containing  glasses.  A  dry  atmosphere 
was  obtained  by  flowing  an  inert  gas  (Ar)  through  the  glass  melt,  while  water 
was  introduced  by  passing  water  vapour  through  the  primary  melt  on  several 
occasions.  As  was  shown  in  Ref  [16],  the  water  content  of  the  glasses  depends 
on  the  melting  temperature,  the  melting  time  and  on  the  flow  rate  of  the  water 
vapor  through  the  melt.  It  has  been  established  [17]  that  the  water  content  of 
initial  samples  of  silicate  glasses  was  no  more  than  0*05  mol%  and  was  equal 
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Table  1 

Glass  composition  (mol%)  and  preparation  of  glass  samples. 


No. 

CaO 

SrO 

BaO 

P2O5 

B2O3 

Preparation 

T,rc) 

n  (T,„)  (mm-^) 
t=50h 

T=565°C 

1 

40 

_ 

- 

30 

30 

Conventionally  melted 

- 

- 

2 

50 

- 

- 

25 

25 

Conventionally  melted 

605 

- 

3 

- 

40 

- 

30 

30 

Conventionally  melted 

- 

- 

4 

- 

50 

- 

25 

25 

Conventionally  melted 

600 

- 

5 

- 

- 

40 

30 

30 

Conventionally  melted 

- 

- 

6 

- 

- 

50 

25 

25 

Ar  drying,  20’ 

585 

500 

7 

- 

- 

50 

25 

25 

Ar  drying,  10’ 

- 

1060 

8 

- 

- 

50 

25 

25 

Conventionally  melted 

580 

2484 

9 

- 

- 

50 

25 

25 

Water,  250  ml/h  for  2h 

560 

16000 

10 

- 

- 

50 

25 

25 

Water,  250  ml/h  for  3h 

558 

20000 

11 

- 

- 

50 

25 

25 

Water,  250  ml/h  for  4h 

558 

21000 

0*12  and  0*2  mol%  after  passing  water  vapor  through  the  primary  melt  for  1 
and  2  h,  respectively.  In  phosphate  glasses,  the  water  content  was  found  to 
range  from  about  0*06  to  0-63  mol%  [16]. 

In  this  work,  the  effect  of  varying  the  water  content  of  Ba  borophosphate 
glasses  on  the  number  of  crystals  nucleated  at  the  temperature  where  the 
stationary  nucleation  rate  has  a  maximum,  has  been  studied  and  the  relation¬ 
ship  between  the  number  of  crystals  and  the  preparation  procedure  can  be 
seen  from  Table  1 . 

2.2.  Differential  Thermal  Analysis 

Differential  thermal  analysis  (DTA)  was  performed,  using  a  derivatograph 
(MOM,  Hungary)  under  precisely  fixed  conditions  (a  corundum  crucible,  0*6  g 
sample,  and  a  constant  heating  rate  of  10  K/min),  and  used  to  determine  the 
glass  transition  temperatures,  the  crystallisation  tendency  and  the  melting  tem¬ 
peratures  of  the  glasses  mentioned  above.  The  glass  transition  temperature, 
Tg,  was  determined  from  the  DTA  curve  by  the  tangent-line  method,  in  the 
endothermic  region  due  to  the  glass  transition.  Typical  DTA  curves  for  the 
glasses  are  presented  in  the  Fig.  2.  This  technique  was  used  also  to  estimate  the 
temperature  range  for  crystal  nucleation  as  the  region  of  the  endothermic  ef¬ 
fect  in  the  DTA  curve.  The  optimum  development  temperature  corresponded 
to  the  exothermic  peak  observed  in  the  DTA  curve. 

2.3.  X-ray  powder  diffractometry. 

X-ray  diffraction  analysis  was  preformed  using  standard  procedures  (Rigaku 
diffractometer,  Cu  K„ radiation,  and  a  Ni  filter).  It  was  employed  for  the  iden¬ 
tification  of  crystalline  phases  and  showed  the  absence  of  any  crystalline  phases 
in  the  initial  glasses.  The  crystalline  phase  were  identified  by  comparing  the 
powder  patterns  obtained  from  the  devitrified  glasses  with  ASTM  data  for 
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Fig.  2.  DTA  curves  for  the  following  glasses:  (a)  2CaO.B2O3.P2O5;  (b)  2SrO.B2O3.P2O5; 

(c)  2BaO.B2O3.P2O5  (all  without  water  additions  and  Ar  drying)  and  (d)  2BaO.B2O3.P2O5 
(water  addition,  250  ml/h  for  2  h). 

known  compounds  likely  to  occur  in  the  present  systems.  Some  unidentified 
lines  were  observed  but  the  predominant  phases  found  were  MeP04,  Me2P207 
and  Me  Borate  Phosphate. 

2.4.  Procedure  for  Investigating  the  Kinetics  of  Crystallisation 
2.4.1,  Optical  microscopy  technique  -  The  stationary  rate  of  crystal  nucleation, 
Igt,  and  the  time  of  nonstationary  nucleation,  x,  are  the  basic  parameters  that 
describe  the  kinetics  of  crystal  nucleation  in  glasses.  The  parameter  Ijt  is  directly 
determined  experimentally  and  the  time  of  nonstationary  nucleation,  x,  is  esti¬ 
mated  using  the  induction  period,  As  was  shown  in  Ref  [18],  7i^/6x. 

The  optical  microscopy  technique  was  used  to  determine  the  above  param¬ 
eters.  In  this  technique,  nuclei  are  formed  at  a  low  temperature  and  subse¬ 
quently  grown  at  a  higher  (development)  temperature,  where  little  or  no  further 
nucleation  occurs.  A  planar  cross-section  of  the  sample  is  made  and  the  number 
of  nuclei  per  unit  volume,  n,  is  determined  using  standard  stereological  tech¬ 
niques  [19]. 

In  glasses  6-11,  crystals  of  complex  composition  -  barium  borate  phosphate 
(predominantly)  plus  Ba2P207  (traces)  -  nucleated  and  grew.  These  have  the 
form  of  spherulites,  ellipsoids  with  semi-axes  Ri  and  R2  and  Rj  /  R2=  1/2*25  to 
1/3*08.  The  glasses  were  held  at  low  temperatures,  T,  in  the  range  540  to  620°C 
for  a  different  times,  t.  The  development  temperature  T^  was  680°C  and  the 
development  time  10  min.  Figure  3  (a)  shows  typical  curves  for  n(T,t).  These 
curves  can  be  used  to  determine  the  rate  of  stationary  nucleation,  Ist=dn/dt  at 
where  fnd  is  determined  from  the  point  of  intersection  of  the  straight-line 
part  of  n(T,  t)  with  t  axis.  At  t>tind,  the  nucleation  rate  is  constant:  I(T,  t)=Ist(T). 
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Fig.3.  (a)  The  number,  n,  of  crystals,  plotted  against  the  time  of  low-temperature  heat 
treatment  at  565°C,  for  glass  8.  (b)  Nucleation  rate  from  optical  microscopy  measurements 
for  glasses  6,  8  and  9  (development  temperature  680°C,  development  time  10  min). 

The  stationary  nucleation  rate,  r,(T),  was  calculated  as  the  slope  of  the  linear 
portion  of  the  n(t)  curve.  Fig.  3  (b)  shows  plots  of  r,  vs  temperature  for  glasses 
6-9,  under  the  conditions  indicated  in  the  figure  caption.  With  increasing  wa¬ 
ter  content,  the  temperature  of  the  nucleation  rate  maximum,  T„„  shifts  to  the 
lower  temperature.  The  longer  the  Ar  drying,  the  higher  value  of  T„„  while  the 
value  of  r,  (T„)  increases  with  the  increasing  of  water  content. 

2.4.2.  X-ray  quantitative  analysis  -  Since  the  glasses  in  the  Ca  and  Sr 
borophosphate  systems  were  produced  in  thin  layers,  it  was  impossible  to  study 
their  crystallisation  kinetics  by  the  development  technique.  For  the  reason,  the 
process  of  crystallisation  was  investigated  by  X-ray  analysis  using  the  Rigaku 
diffractometer  and  CuK„radiation.  The  estimation  of  the  amount  of  crystalline 
phase  fornied  was  conducted  using  a  reference  sample  and  data  for  both  the 
integrated  intensity  of  a  selected  diffraction  peak  and  the  height  of  the  peak. 
For  barium  borate  phosphate  this  peak  is  located  at  a  scattering  angle,  20,  of 
25°,  while  for  strontium-borate-phosphate  and  calcium  borate  phosphate  the 
corresponding  peek  orrun  at  30-12°  and  30-94°,  respectively. 

For  characterising  the  degree  of  crystallinity,  the  ratio  ot=V(T,  t)rV^^  was 
used,  V(T,t)  being  the  volume  of  the  erystalline  phase  formed  at  a  temperature 
T  and  up  to  the  time  t  and  V^^^  being  the  volume  of  this  phase  corresponding 
to  the  full  duration  of  the  experiment.  To  eliminate  the  effect  of  texturing,  the 
scattered  intensity  was  recorded  for  several  runs  and  the  average  magnitude 
used.  The  number  of  runs  was  five  for  the  reference  sample  and  three  for  the 
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Fig.4  (a)  Dependence  of  degree  of  crystallinity,  a,  on  the  amount  of  MeO:  1 ,  BaO;  2,  SrO 
and  3,  CaO.  (Heat  treatment  conditions:  565°C  for  240  min;  development  temperature 
680°C;  development  time,  10  min),  (b)  Dependence  of  degree  of  crystallinity,  a,  on  the  time 
of  heat  treatment  (temperature  565°C).  Numbers  near  the  curves  correspond  to  the  glass 

number  in  Table  1 . 


sample  under  investigation.  The  error  in  determining  the  amount  of  the  crys¬ 
talline  phase  is  less  than  12%. 

Figure  4  (a)  demonstrates  the  dependence  of  the  degree  of  crystallinity,  oc, 
on  the  amount  of  Ba,  Sr  or  Ca  oxide.  As  may  be  seen,  oc  increases  with  increas¬ 
ing  oxide  content.  Figure  4  (b)  shows  the  dependence  of  a  on  the  time  of  heat 
treatment  at  600°C  and  indicates  that  a  generally  increases  with  time.  Similar 
dependencies  were  obtained  for  temperatures  of  550,  580  and  620°C.  As  is 
seen  from  Fig.  4,  the  crystallisation  ability  for  Ba  containing  glasses  is  lower 
than  that  for  Sr  and  Ca  containing  borophosphate  glasses. 

3.  DISCUSSION 

The  graphs  of  the  number,  n,  of  crystals  plotted  against  the  time  of  low- 
temperature  heat  treatment  and  the  temperature  dependence  of  the  nucleation 
rate  for  the  wet  and  dry  glasses,  as  determined  by  development  method,  are 
shown  in  Fig.  3.  The  wet  glass  exhibits  a  maximum  in  nucleation  rate  at  a 
lower  temperature  than  the  dry  glass,  with  a  higher  rate  of  nucleation  at  the 
maximum.  This  increase  in  nucleation  rate  with  increasing  water  content  cor¬ 
responds  closely  to  the  results  obtained  in  other  systems  [16,17,20].  In  Ref 
[20],  crystallisation  was  promoted  only  when  an  adequate  amount  of  water 
was  present  in  the  glass.  It  is  well  known  that  the  presence  of  water  can  de¬ 
crease  the  viscosity  of  a  glass.  The  glass  transition  temperature,  Tg,  is  the  tem¬ 
perature  corresponding  to  a  viscosity  of  about  10^^  poises,  irrespective  of  the 
kind  and  chemical  composition  of  the  substance.  This  is  regarded  as  the  tem¬ 
perature  where  the  atoms  or  atomic  groups  composing  the  network  cease  trans¬ 
lational  motion  on  the  cooling  of  a  supercooled  liquid.  Accordingly,  the 
lowering  of  Tg  with  increasing  water  content  is  equivalent  to  a  lowering  of  the 
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viscosity.  Tg  decreases  with  increasing  water  content  in  all  glasses. 

Homogeneous  nucleation  theory  leads  to  theoretical  formulae  for 
and  T  [17].  The  nucleation  rate  is  mainly  determined  by  three  parameters:  (1) 
the  difference,  A(p=(pg-(pc ,  in  the  free  energies  of  the  glass,  (Pg,  and  crystal,  (pc> 
per  unit  volume  of  the  nucleus;  (2)  the  surface  free  energy,  a,  and  (3)  the  acti¬ 
vation  free  energy,  Ot.  The  nucleation  rate  can  be  increased  both  by  decreasing 
the  glass  viscosity,  as  a  result  of  introducing  water  into  the  glass,  and  by  de¬ 
creasing  the  surface  energy  at  the  nucleus/glass  interface,  owing  to  the  water 
concentrating  at  this  interface. 

Consider  the  data  on  the  influence  of  the  water  content  on  the  nucleation 
of  barium  borate  phosphate  “spherulites”  in  glasses  6-11.  The  number  of  de¬ 
velopment  crystals  increases  from  500  to  21 000.  This  increase  is  due  to  the 
rapidly  growing  influence  of  the  water  content  on  the  heterogeneous  nuclea¬ 
tion  of  barium  borate  phosphate.  If  the  concentration  of  OH  groups  is 
exhausbed,  the  number  of  crystals,  n(Tm),  stops  increasing  (transition  from 
glass  10  to  glass  11). 

It  is  known  [16]  that  the  water  content  of  phosphate  glasses  greatly  depends 
on  the  ratio  M/P,  M  being  the  concentration  of  alkali  metal  ion  and  P  the 
concentration  of  phosphorus.  The  water  content  in  phosphate  glasses  is  de¬ 
scribed  by  an  exponential-like  dependence,  which  rapidly  decreases  with  de¬ 
creasing  P2O5  content.  When  the  P2O5  content  is  lower  than  45  mol%,  the  water 
content  becomes  negligible. 

In  the  case  of  the  Ba0-B203-P205  system,  the  water  content  similarly  de¬ 
pends  on  the  ratio  M/(P+B),  P+B  being  the  sum  of  the  concentrations  of 
phosphorus  and  boron  oxides.  As  for  the  phosphate  glasses  investigated  in 
Ref  [16],  the  water  content  of  Ba0-B203-P205  glasses  depends  on  the  melting 
temperature,  the  melting  time  and  on  the  rate  of  flow  of  water  vapor  through 
the  melt. 

CONCLUSIONS 

A  study  of  the  crystallization  kinetics  in  borophosphate  systems  has  been 
made.  The  degree  of  crystallinity  has  been  determined  in  the  glasses  as  a  func¬ 
tion  of  temperature  and  RO  content  in  the  interval  40-50  mol%.  The  observed 
phenomena  have  been  explained  in  terms  of  the  crystal  nucleation  theory  for 
complex  glasses. 
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Sulphide  analogs  of  alkali  borate  glasses  were  first  prepared  more  than  10 
years  ago  as  possible  solid  electrolyte  materials  in  solid  state  lithium  batter¬ 
ies.  Although  they  were  found  to  exhibit  exceptional  ionic  conductivities,  as 
high  as  10“^  (Wcm)”‘  at  room  temperature,  they  were  not  fully  explored  as  a 
new  glass  forming  family  with  possibly  interesting  correlations  to  their  well 
characterised  alkali  borate  neighbours.  In  this  papei;  the  glass  forming  ranges^ 
structure-property  relationships  between  the  alkali  thioborate  and  alkali 
borate  physical  properties  will  be  extensively  reviewed.  In  general  it  is  found 
that  quite  large  glass  forming  ranges  exist  for  these  glasses  out  to  exceeding 
80  mol%  alkali  sulphide.  The  density  of  these  glasses  increases  quite  dra¬ 
matically  with  increasing  alkali  content  in  a  manner  similar  to  that  observed 
with  the  alkali  borate  glasses  and  is  associated  with  the  increasing  fraction 
of  small  volume  but  heavy  mass  tetrahedral  boron  group.  Contrasting  this 
behaviour  is  the  Tg  which  shows  a  dramatic  anti-correlation  with  alkali  con¬ 
tent  and  decreases  some  150°C  as  the  alkali  fraction  increase  out  to  ~30 
mol%.  This  is  to  be  compared  to  the  Tg  behaviour  in  the  alkali  borate  glasses 
where  Tg  increases  more  than  200°C  for  the  same  alkali  content.  To  probe 
these  differences,  a  detailed  structural  study  of  these  glasses  has  been  un¬ 
dertaken.  Infrared,  Raman,  NMR,  and  MAS  NMR  studies  of  these 
glasses  have  been  made.  We  will  review  these  studies  paying  particular  atten¬ 
tion  to  understand  the  dramatic  differences  in  the  structure-property  rela¬ 
tionships  between  the  alkali  thioborate  and  alkali  borate  glasses. 
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ANALYTICAL  AND  MOLECULAR  ORBITAL 
MODELLING  APPROACH  TO  THE  CHEMICAL 
BONDING  STATES  OF  F  IONS  IN 
OXYFLUOROBORATE  GLASSES 


Satoshi  HAYAKAWA  &  Akiyoshi  OSAKA 
Biomaterials  Laboratory,  Faculty  of  Engineering,  Okayama 
University,  Tsushima,  Okayama-shi,  700,  Japan 


The  structure  of  NaF-B203  glasses  was  investigated  by  means  of  and 
”Na  MAS  NMR  and  X-ray  photoelectron  spectroscopies.  The  chemical 
bonding  states  of  F"  ions  in  the  glasses  were  estimated  from  the  FIs  XPS 
analysis.  The  B0(4-y)Fy7(B03+B0(4-y)Fy“)  fraction  (N4%)  was  determined  from 
^  ‘B  mas  NMR  spectra.  It  was  deduced  that  the  addition  of  NaF  caused  the 
formation  of  tetrahedral  four-coordinated  boron  atoms,  BOaF".  The  con¬ 
version  of  BO3  units  into  BO3F”  units  depended  on  the  melting  temperature. 
The  proposed  structural  models  were  confirmed  by  a  molecular  orbital  cal¬ 
culation.  The  F-B  and  F-Na  bonds  present  in  the  glasses  were  found  to  be 
relatively  covalent,  whereas  ionic  F^(-Na^'")n  bonds  as  found  in  crystalline 
NaF  were  not  present  in  the  glasses. 


1.  INTRODUCTION 

Boron  tri oxide,  B2O3  is  one  of  the  glass-forming  oxides  [1]  and  many  multi- 
component  glasses  containing  B2O3  have  been  reported  [2-6].  It  is  accepted 
that  the  network  structure  of  binary  alkali  borate  glasses  contains  trigonal 
three-coordinated  planar  boron  atoms,  BO3,  and  tetrahedral  four-coordinated 
boron  atoms,  BO4"  [3].  It  is  known  that  the  variation  of  several  properties  in 
borate  glasses,  such  as  the  glass  transition  temperature  (Tg),  the  thermal  ex¬ 
pansion  coefficient,  and  the  ionic  conductivity  closely  follows  the  variation  of 
the  B04"/(B03+B04“)  ratio  (N4)  which  is  a  strong  function  of  the  alkali  metal 
oxide  content  [2-4].  The  coordination  state  of  boron  varies  when  an  alkali 
metal  fluoride,  MF  is  added  in  place  of  an  alkali  metal  oxide  [4-6].  It  has  been 
reported  that  the  local  environments  around  a  boron  atom  in  sodium 
oxyfluoroborate  glasses  are  BO3F  [6],  BO3F  and  BO2F2"  [3,4],  or  B02F2“ 

and  BOF3"  units  [5].  These  structural  models  vary  with  the  researchers  [4-6], 
Therefore,  the  coordination  state  of  boron  in  these  glasses  and  its  composi¬ 
tional  dependence  has  not  yet  been  fully  understood.  It  is  noted  that  the  melt¬ 
ing  temperature  varies  with  the  researchers  and  ranges  from  850  to  1000°C.  It 
is  possible  that  the  conversion  of  BO3  units  into  BO(4_y)Fy"  units  on  the  addi¬ 
tion  of  MF  addition  does  not  always  proceed  to  completion.  In  the  present 
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experiment,  NaF-B203  glasses  were  prepared  by  the  conventional  quenching 
method  with  different  melting  temperatures  and  the  structure  of  these  glasses  was 
investigated  by  and  ^^Na  MAS  NMR  and  X-ray  photoelectron  spectroscopies 
in  order  to  discuss  the  effect  of  melting  temperature  on  the  chemical  states  of 
boron  and  fluorine.  To  check  the  structural  model  obtained,  we  performed 
semiempirical  molecular  orbital  calculations  for  several  molecular  clusters. 

2.  EXPERIMENTAL 

Glasses  of  the  composition  xNa2F2.(100-x)B203  (x=10,  20  and  30)  were  pre¬ 
pared.  The  starting  materials  were  reagent  grade  NaF  and  B2O3  (Nacalai  Tesque, 
Inc).  The  appropriate  amounts  of  starting  materials  were  mixed  and  melted  in  a 
Pt  crucible  using  an  electric  furnace  at  900  and  1100°C  for  15  min.  The  melts 
were  poured  onto  a  steel  plate  and  immediately  pressed  by  another  steel  plate. 
X-ray  photoelectron  spectra  (XPS)  measurements  were  made  with  an  S-Probe 
ESCA  SSXIOOS  (Fisons  Instruments)  using  a  monochromatic  A1  Ka  radiation 
(hv=  1486-6  eV).  The  glass  samples  were  analyzed  using  the  fresh  surfaces  just 
after  being  fractured  in  ultra  high  vacuum  (~7xl0“^  Pa).  Neutralization  of  the 
surface  charge  of  the  sample  was  performed  by  setting  a  Ni  mesh  screen  1  mm 
above  the  sample  surface  and  flooding  with  low  energy  (5-7  eV)  electrons.  Cor¬ 
rections  of  the  binding  energy  were  made  by  referring  the  measured  binding 
energy  to  the  Cl s  peak  at  284-6  eV.  Magic- Angle-Spinning  (MAS)  NMR  spec¬ 
tra  of  powdered  samples  were  recorded  at  9-4  T  on  a  JEOL  JNM-GX400  FT- 
NMR  spectrometer,  equipped  with  TU-GSX400MAS  probe.  The  sample 
spinning  speed  at  the  magic  angle  to  external  field  was  5-6  kHz.  ^^B  MAS  NMR 
spectra  were  measured  at  128  MHz  with  1-5  ps  pulses  and  2-5  s  recycle  delays. 
About  16  pulses  were  accumulated.  BPO4  {5—3-6  ppm  against  (C2H5)20.BF3 
5=0  ppm}  was  used  as  the  secondary  external  reference  substance  to  determine 
the  ^^B  chemical  shifts.  We  estimated  the  B0(4_y)Fy”/(B03+B0(4_y)Fy")  ratio  (N4%) 
from  the  ratio  of  the  intensity  of  the  resonance  peak  for  BO3  to  that  for  BO(4_y)F^. 
^^Na  MAS  NMR  spectra  were  measured  at  105  MHz  with  1-5  ps  pulses  and  2-5 
s  recycle  delays.  About  40  pulses  were  accumulated.  NaCl  crystal  (5=0  ppm)  was 
used  as  the  external  reference  substance  to  determine  the  ^^Na  chemical  shifts. 

3.  THEORETICAL 

Semiempirical  molecular  orbital  calculations  were  performed  to  obtain  the 
heat  of  formation,  AH  298,  and  the  entropy  term,  T AS  298,  for  proposed  borate 
polymers  in  various  fluorinated  environments.  The  calculations  were  performed 
by  using  the  AMI  routine  in  the  MOPAC  Ver.  6.02  computer  program  pack¬ 
age  [7].  The  convergence  of  the  self-consistent  field  calculation  was  ensured  by 
using  the  keyword  PRECISE  and  thermodynamic  quantities  were  obtained  by 
using  the  keywords  FORCE  and  THERMO.  The  calculation  technique  used 
here  has  already  been  discussed  elsewhere  [8].  Here,  we  estimate  the  Gibbs  free 
energy  change,  AG298,  from  AH298  and  TAS 298.  This  quantifies  the  reliability  of 
the  chemical  states  of  the  F“  ions  in  the  structural  models. 
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Fig.  1.  F  Is  XPS  spectra  of  NaF  and  30Na2F.70B203  glasses. 


4.  RESULTS 

4.1.  X-ray  Photoelectron  Spectra 

The  differences  in  atomic  %  between  the  fresh  fracture  surface  composition, 
which  was  determined  from  wide  scan  XPS  spectra  for  the  30Na2F.70B203 
glasses  quenched  from  900  and  1100°C,  are  less  than  2%.  This  indicates  that 
the  effect  of  the  melting  temperature  on  the  vaporization  of  components  from 
the  melt  was  negligible. 

Figure  1  shows  the  FIs  XPS  spectra  of  NaF  and  30Na2F.70B203  glasses 
quenched  from  900  and  1100°C.  The  F  Is  XPS  spectrum  of  NaF  shows  one 
sharp  symmetrical  peak  at  about  683*8  eV  The  F  Is  XPS  spectra  of  the  glasses 
with  melting  temperatures  of  1 100°C  and  900°C  show  one  broad  symmetrical 
peak  at  about  685*8  eV. 

4.2.  MAS  NMR  Spectra 

Figure  2(a)  and  2(b)  show  the  ^^B  MAS  NMR  spectra  of  xNa2F.(100-x)B203 
glasses  (x=10,  20  and  30)  quenched  from  900  and  1100°C,  respectively.  The 
resonance  peak  due  to  tetrahedrally  coordinated  boron  denoted  by  BO(4_y)Fy" 
is  superimposed  on  the  weak  quadrupolar  splitting  resonance  peaks  of  three- 
coordinated  planar  boron  in  BO3.  The  BO(4^y)Fy"  resonance  peak  can  be  ob¬ 
tained  by  subtracting  the  resonance  peak  for  the  quadrupolar  splitting  of  BO3 
in  crystalline  B2O3  from  the  composite  spectrum  and  can  be  simulated  by  a 
Gaussian  function  on  the  basis  of  the  least-square  fit  shown  in  Fig.  2(a).  N4  is 
plotted  as  a  function  of  Na2F2  content  in  Fig.  (3).  For  comparison,  the  solid 
curve  is  the  correlation  found  by  Kline  &  Bray  {N4=x/(100-x)}  when  BO3F" 
units  were  formed  [3].  This  correlation  would  indicate  an  apparent  stoichiom- 
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Fig.  2.  mas  NMR  spectra  of  xNa2F.(100-x)B203  glasses  (x=10,  20,  30). 
Asterisks  denote  spinning  side  bands. 

etry  defined  as  follows: 

BO3/2  +  Na-^-R  ^  B03/2F-Na^  (1) 

Note  that  N4  for  the  glasses  made  from  the  melt  at  900°C  do  not  correspond  to 
the  values  predicted  by  the  theoretical  x/(100“X)  curve  and  lie  below  these  values, 
while  for  N4  of  the  glasses  made  from  the  melt  at  1 100°C  almost  correspond  to 
the  theoretical  values.  Provided  that  the  reaction  between  B2O3  and  NaF  follows 
reaction  (1),  the  percentages  of  the  conversion  of  BO3  into  B03F~,  R,  are  defined 
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Fig.  4.  MAS  NMR  spectra  of  xNa2F2.p00-x)B2O3  glasses  (x=10,  20,  30). 
Asterisks  denote  spinning  side  banda 

as  shown  in  Fig.  (3). 

4.3.  "'Na  MAS  NMR  Spectra 

Figure  4(a)  and  4(b)  show  the^^Na  MAS  NMR  spectra  of  xNa2F.(100-x)B203 
glasses  (x=10,  20,  30)  quenched  from  900  and  1100°C,  respectively.  For  com¬ 
parison,  ^^Na  MAS  NMR  spectra  for  crystalline  NaF  and  Na2B407.  IOH2O  are 
also  shown.  The  line  profile  for  crystalline  NaF  is  symmetric  and  very  sharp. 
On  the  other  hand,  the  line  profiles  of  all  for  the  glasses  are  asymmetric  and 
broad.  The  ^^Na  MAS  NMR  peak  positions  of  the  glasses  range  from  -22  to  -26 
ppm.  The  line  profiles  and  peak  positions  for  the  glasses  do  not  depend  on  the 
melting  temperature. 

4.4.  Calculated  Thermodynamic  Properties  for  Molecular  Clusters 

The  MO  calculations  were  performed  on  the  basis  of  two  isolated  molecu¬ 
lar  clusters,  H4B2O5  and  NaF.  In  view  of  the  experimental  results,  we  can  ex¬ 
pect  that  the  conversion  of  BO3  units  into  603!^  units  or  BO2F2”  units  occurs. 
Maya  has  already  reported  a  model  comprising  local  structures  [6].  We  used 
several  isolated  molecular  clusters  based  on  Maya’s  local  structure  model,  in 
order  to  investigate  the  chemical  reaction  between  B2O3  and  NaF  in  the  melt. 
The  calculated  properties  of  the  molecular  clusters  are  listed  in  Table  1  and  the 
optimized  geometries  for  the  molecular  clusters,  unmodified  and  modified  by 
NaF  molecules,  are  shown  in  Fig.  5. 

4.5.  Gibbs  Free  Energy  Change  in  the  Reaction  between  Molecular  Clusters 
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Table  1 

Heat  of  Formation,  AH298  at  the  Optimized  Geometries  for  Several  Molecular  Clusters 


Molecular  Clusters 

AH°298/kcal 

Molecular  Clusters 

AH298/kcal 

(a)H4B205 

-419-844 

(b)H4B205FNa 

-619-864 

(c)H4B205F2Na2 

-793-849 

(d)H2B03Na 

-323-778 

(e)H2B02F 

-254-304 

(0H2BO2F2Na 

-439-073 

(g)H2B03FNa2 

-478-158 

(h)NaF 

-83-543 

The  important  chemical  reactions  are  F-coordination  and  F-substitution. 
The  calculated  thermodynamic  properties  for  these  reactions  are  listed  in  Ta¬ 
ble  2  together  with  the  reaction  formula.  The  F-coordination  reaction  for  re¬ 
actions  (2)  and  (3)  is  equivalent  to  reaction  (1).  We  find  that  the  Gibbs  free 
energy  change  for  the  first  reaction  (2)  is  AG298=-106‘3  kcal  and  for  the  sec¬ 
ond  reaction  (3)  AG|98=-77*7  kcal,  which  were  calculated  from  the  data  in 
Table  2.  In  these  reactions,  we  can  expect  that  the  BO3  unit  is  progressively 
converted  into  the  BO3F"  unit.  The  F-substitution  reaction  gives  a  BO2F  unit 
and  a  non-bridging  oxygen  0(-Na)  at  the  expense  of  the  bridging  B-O-B  bond 
(Fig.  5(a))  in  reaction  (4).  We  estimate  AG298=-77‘3  kcal.  Next,  the  F-substitu¬ 
tion  reaction  of  interest  gives  BO2F  or  BO2F2"  units  at  the  expense  of  the  bridg- 


(c)  (d) 


Fig,  5.  Optimized  Geometries  for  Proposed  Borate  Clusters. 
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Table  2 

Standard  Enthalpy  Change,  AH°298  and  Standard  Entropy  Change,  AS298 


Reaction 

AH298 

(kcal/mol) 

TAS°298 

(2)  H4B2O5  +  NaF  ^  H4B205FNa 

-116-5 

-10-2 

(3)  H4B205FNa  +  NaF  ^  H4B205FjNa2 

-90-4 

-12-7 

(4)  H4B2O5  +  NaF  ->  HaBOjNa  +  H2BO2F 

-74-7 

2-6 

(5)  H4B205FNa  +  NaF  ^  HjBOjNa  +  HjBOjFjNa 

-59-4 

3-5 

(6)  H4B205FNa  +  NaF  ^  ftBOjF  +  H2B03FNa2 

-29-1 

4-0 

(7)  H4B205F2Na2  +  NaF  HjBOjFNaj  +  HjBOzFjNa 

-39-8 

4-4 

ing  B-O-B  bond  in  reactions  (5),  (6)  and  (7).  We  find  that  the  Gibbs  free  en¬ 
ergy  change  for  Eq.  (5)  is  AG298=-62‘9  kcal,  that  for  Eq.  (6)  is  AG298=-33*1 
kcal  and  that  for  Eq.  (7)  is  AG°298=-44-2  kcal.  The  the  Gibbs  free  energy  change 
for  Eqs.  (2)  and  (3)  are  significantly  lower  than  those  for  Eqs.  (5),  (6)  and  (7). 
This  indicates  that  the  conversion  of  BO3  into  B03F“  is  most  favorable  in  the 
reaction  between  H4B2O5  molecule  and  NaF  molecule. 

5.  DISCUSSION 

Since  N4  for  the  glasses  quenched  from  the  melt  at  1100°C  almost  corre¬ 
spond  to  the  theoretical  values,  we  can  deduce  that  the  local  structure  of  these 
glasses  consists  mainly  of  BO3  and  BO3F"  units.  Assuming  that  the  conversion 
of  BO3  units  into  BO(4_x)F-  units  by  the  addition  of  NaF  does  not  progress 
sufficiently  in  the  glass  quenched  from  the  melt  at  900°C,  the  existence  of  NaF 
cluster  is  postulated.  However,  as  is  evident  from  Fig.  1,  we  could  not 
deconvolute  the  F  Is  XPS  spectra  of  the  glasses  into  two  kinds  of  peaks  as¬ 
signed  to  covalent  F-B  bonds  and  ionic  F^(-Na^^)n  bonds.  The  symmetrical  F 
Is  XPS  peak  at  685-8  eV  indicates  that  both  the  F-B  and  F-Na  bonds  present 
in  the  glasses  are  relatively  covalent  and  that  ionic  F^(-Na^^)6  bonds  as  found 
in  crystalline  NaF  are  not  present  in  the  glasses.  Therefore,  the  NaF  cluster  in 
the  glasses  may  consist  of  covalent  F-Na  bonds.  Since  the  quadrupolar  ^^Na 
nucleus  is  subjected  not  only  to  magnetic  field  but  also  to  electric  field  gradi¬ 
ents,  the  ^^Na  MAS  NMR  line  profiles  should  be  related  to  the  magnitude  of 
the  electric  field  gradient  around  the  ^^Na  nucleus  which  depends  on  the  fluo¬ 
rine  and  oxygen  coordination  states  around  the  Na  atoms.  It  is  likely  that,  the 
Na(-0)n  or  Na(-F)n  bonds  in  the  glasses  may  be  anisotropic,  in  contrast  to  the 
isotropic  Na^(-F^)6  bonds  in  crystalline  NaF.  Furthermore,  from  the  results 
of  for  the  calculated  Gibbs  free  energy  change,  AG  293,  it  appears  that  the  ten¬ 
dency  for  the  formation  of  BO3F"  units  is  greater  than  those  for  BO2F2"  and 
BO2F  units.  Although  the  formation  of  B02F2''  and  BO2F  units  should  accom¬ 
pany  the  formation  of  non-bridging  oxygen,  0(-Na)n  at  the  expense  of  the 
bridging  B-O-B  bond,  we  could  not  detect  the  presence  of  the  non-bridging 
oxygen  atom  from  the  O  Is  XPS  spectra  of  the  glasses,  which  are  not  shown 
here.  These  results  emphasize  that  the  conversion  of  BO3  units  into  B03F“ 
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units  (F-coordination)  may  be  the  dominant  change,  rather  than  the  forma¬ 
tion  of  B02F2"  and  BO2F  units. 

6.  CONCLUSIONS 

The  structure  of  xNa2F2.(100-x)B203  glasses  was  investigated  by  means  of 
^|B  and  ^^Na  MAS  NMR  and  X-ray  photoelectron  spectroscopies.  The  addi¬ 
tion  of  the  NaF  caused  the  formation  of  tetrahedral  four-coordinated  boron 
atoms,  BOsF^.  The  conversion  of  BO3  units  into  B03F~  units  depended  on  the 
melting  temperature.  F-B  and  F-Na  bonds  present  in  the  glasses  were  found 
to  be  relatively  covalent,  whereas  ionic  F^(-Na^‘')„  bonds  as  found  in  crystal¬ 
line  NaF  were  not  present  in  the  glasses.  The  calculated  Gibbs  free  energy 
change  supported  the  suggestion  that  the  local  structure  of  these  glasses  con¬ 
sisted  mainly  of  BO3  and  BO3F"  units. 
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PREPARATION  OF  LITHIUM  CHLOROBORACITE 
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Lithium  chloroboracite  (Li4B70i2Cl)  powder  and  film  were  prepared  by  the  sol- 
gel  method  from  inorganic  lithium  and  boron  compounds  with  hydrochloric  acid 
or/and  ammonium  chloride.  Single-phase  Li4B70i2Cl  powder  was  prepared  un¬ 
der  conditions  similar  to  those  used  in  its  preparation  from  methoxides.  In  the 
preparation  of  films,  however,  maintaining  the  stoichiometric  amount  of  chlo¬ 
rine  necessitated  a  chlorine-rich  heating  environment.  The  chlorine  composition 
in  the  sol  solution  also  produced  a  difference  in  the  chlorine  content  of  films,  and 
in  the  crystallization  of  LUB7O12CI  and  a  by-product,  lithium  tetraborate 


1.  INTRODUCTION 

Lithium  boracites  (Li4B70i2X,  X=halogen)  are  known  as  lithium-ion  con¬ 
ductors.  The  representative  compound,  Li4B7O12Clo.68Bro.32,  shows  a  high  con¬ 
ductivity  of  2x10"^  Qr^cmr^  at  298  K  and  0-9x10"^  0"^cm“^  at  520  K  [1].  Lithium 
boracites  are  stable  in  air  and  insoluble  in  water.  Although  B203-xLi20-TLiX 
(X=halogen)  glasses  also  possess  high  ionic  conductivities  [2],  they  are  chemically 
and  physically  less  stable.  Lithium  boracites  have  a  potential  application  as  a  solid 
electrolyte  in  thin  film  batteries.  Such  an  application,  however,  requires  lithium 
boracite  films.  To  date,  only  powders  have  been  ijrepared  by  a  flux  or  hydrother¬ 
mal  method  [1].  The  decomposition  of  lithium  boracites  at  high  temperature  makes 
it  difficult  to  sinter  the  powder  or  to  grow  a  crystal  from  the  melt. 

Among  the  various  methods  for  preparing  functional  films,  the  sol-gel 
method  has  the  advantages  of  precise  composition  control  [3]  and  no  need  for 
a  vacuum.  From  this  point  of  view,  we  have  applied  the  sol-gel  method  to  the 
preparation  of  lithium  boracite  films.  Lithium  chloroboracite  (Li4B70i2Cl)  was 
selected  here  as  a  model  compound  to  examine  the  preparation  conditions 
and  the  reaction  processi  We  have  already  reported  the  preparation  of  Li4B70i2Cl 
powder  from  lithium  methoxide,  boron  methoxide,  and  hydrochloric  acid  or 
ammonium  chloride  [4]. 

In  this  study  we  attempted  to  prepare  both  Li4B70i2Cl  powder  and  film  from 
inorganic  lithium  and  boron  compounds.  This  selection  of  lithium  and  boron 
sources  has  advantages  in  ease  of  handling  as  well  as  low  cost.  The  preparation 
conditions  for  Li4B70i2Cl  powder  and  the  reaction  process  during  heating  were 
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investigated  and  compared  with  the  previous  results  on  the  preparation  of 
Li4B70i2Cl  powder  from  methoxides.  The  conditions  for  preparing  Li4B70i2Cl 
film  were  also  investigated  with  a  view  to  suppressing  chlorine  evaporation. 

2.  EXPERIMENTAL 

2.1.  Preparation  of  Powder 

Lithium  hydroxide  monohydrate  (Li0H.H20)  was  dissolved  into  methanol, 
and  boric  acid  (H3BO3)  was  added  to  the  methanol  solution  in  the  molar  ratio 
of  B/Li  of  7/4.  The  resulting  methanol  solution  was  diluted  with  methanol  to 
a  concentration  of  0-8  m  for  lithium  and  1  -4  m  for  boron,  and  stirred  for  1  day 
at  318  K.  All  the  above  operations  were  performed  in  an  argon  atmosphere.  To 
the  diluted  solution,  water  and  various  amounts  of  hydrochloric  acid  (HCl) 
were  added.  The  molar  ratio  of  [total  water*]/([lithium]+3x[boron])  was  fixed 
at  5,  while  the  molar  ratio  of  HCl/Li  was  varied  from  0-25  to  0-9.  The  latter 
molar  ratio  is  hereafter  designated  as  Rh-  Stirring  the  solutions  further  for  1 
day  at  room  temperature  gave  clear  sol  solutions.  The  solvents  of  the  solutions 
were  then  gradually  evaporated  by  heating  at  323  K  for  2  days  and  the  residues 
were  dried  further  at  373  K  for  1  day.  Finally  the  dried  residues  were  heated  at 
973  K  for  Ih  in  air.  Hereafter,  the  dried  and  heated  residues  are  designated  as 
Dried  Powders  and  Heated  Powders,  respectively. 

2.2.  Preparation  of  Film 

Coating  solutions  were  prepared  in  a  way  similar  to  that  for  the  powder 
preparation.  Li0H.H20  and  H3BO3  were  dissolved  in  methanol  and  the  solu¬ 
tion  was  diluted  with  methanol  to  a  concentration  of  0-6  m  for  lithium  and 
1-05  M  for  boron.  The  mixed  solution  was  stirred  at  318  K  until  it  became 
transparent.  Water  and  chlorine  sources  were  then  added.  The  molar  ratio  of 
[total  water*]/([lithium]+3x [boron])  was  fixed  at  2-5.  Hydrochloric  acid  and 
ammonium  cliloride  (NH4CI)  were  used  as  chlorine  sources.  The  molar  ratio  of 
NH4C1/Li  is  designated  as  Rn-  Three  types  of  solutions  were  prepared:  1)  Rn=0*675 
and  Rh=0,  2)  Rn=1*35  and  Rh=0,  3)  Rn=0*675  and  Rh=0-671  Stirring  the  solu¬ 
tions  further  for  1  day  at  room  temperature  gave  clear  coating  solutions: 

Silicon  (111)  wafers  coated  with  platinum  by  sputtering  were  used  as 
substrates.  Films  were  formed  by  depositing  one  of  the  three  coating  solutions 
with  a  spin-coating  machine  rotating  at  speed  of  3000  rpm.  The  resulting  gel 
films  were  dried  at  473  K  for  10  min  on  a  hot  plate  in  air.  Repeating  the  above 
depositing  and  drying  procedures  twelve  times  gave  a  film  thickness  of  about  2 
jam.  The  dried  films  were  then  heated  at  873  K  for  1  h  in  a  nitrogen  atmosphere 
as  follows:  (A)  Two  films  of  the  same  composition  were  stacked  on  each  other 
face  to  face  to  make  a  pair;  (B)  Additionally,  each  pair  of  films  was  double 
wrapped  in  nickel  foil;  (C)  Furthermore,  Dried  Powder  with  Rh  of  0-9  was 

*Total  water  content  includes  the  amounts  of  water  in  LiOH-HjO  ((l/2)Li20-(3/2)H20)  and 
H3BO3  ((1/2)B203  (3/2)1120).  In  the  preparation  of  powder,  the  total  amount  of  water  amount 
was  the  same  as  in  the  preparation  from  methoxides  [4]. 
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Fig.  1.  Change  in  diffraction  intensities  of  phases  in  Heated  Powders  with  amounts  of 

hydrochloric  acid. 

•,  O,  and  □  denote  the  intensities  of  Li4B70i2Cl,  ^2640?  and  Li2B204,  respectively. 

inserted  into  the  nickel  foil  around  each  pair  of  films.  These  three  kinds  of 
environments  are  hereafter  designated  as  Environment  A,  B,  and  C,  respec¬ 
tively.  The  dried  and  heated  films  are  referred  to  as  Dried  Films  and  Heated 
Films,  respectively. 

2.3.  Analysis 

Heated  Powders  and  Heated  Films  were  identified  on  an  X-ray  diffractometer 
(RINT-1200,  Rigaku)  with  powder  and  thin- film  attachments,  respectively. 
Dried  Powder  was  also  analyzed  with  a  differential  thermal  analysis  -  thermo- 
gravimetric  analyzer  (System  001,  TG-DTA  2000,  MAC  Science)  at  a  heating 
rate  of  10  K/min.  Dried  Powder  prepared  from  methoxides  [4]  was  also  analyzed 
in  the  same  manner  for  comparison.  The  chlorine  content  of  the  powders  and 
films  was  determined  with  an  X-ray  fluorescence  spectrometer  (RIX-3000, 
Rigaku).  From  the  intensities  of  a  fluorescent  Cl-Ka  line,  the  concentrations 
were  calculated  by  a  fundamental  parameter  procedure.  In  the  analysis  of  films, 
the  intensities  of  a  fluorescent  Si-Ka  line  from  the  silicon  substrates  were  also 
measured  and  then  the  total  amounts  of  deposited  films  were  estimated  from 
the  decay  of  the  Si-Ka  intensities.  Heated  Film  was  examined  on  a  scanning 
electron  microscope  (S-2460N,  Hitachi)  with  an  energy  dispersive  X-ray 
spectrometer  (DX-4,  EDAX  International). 

3.  RESULTS  AND  DISCUSSION 

3.1.  Preparation  of  Powder 

3.1.1.  Preparation  condition  of  powder  -  X-ray  diffraction  analysis  of  Heated 
Powders  showed  that  Li4B70i2Cl  formed  either  with  or  without  by-products: 
lithium  tetraborate  (Li2B407),  lithium  metaborate  (Li2B204)  and  a  trace  of 
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Fig.  2.  DTA  curves  of  Dried  Powders  with  Rh  of  0-675. 

Solid  and  broken  lines  denote  Dried  Powders  prepared  from  inorganic  compounds  or 

methoxides,  respectively. 

unknown  compounds.  The  formation  of  these  by-products  depended  on  the 
amounts  of  hydrochloric  acid,  i.e.  Rh-  In  Fig.  1  the  diffraction  intensities  of 
the  unique  peaks  of  Li4B70i2Cl,  ^26407,  and  026204  (32-84°,  21-78°  and  30-56° 
in  20(Cu  Ka),  respectively)  are  plotted  versus  Rh.  At  Rh=0-25  a  large  amount 
of  026407  was  formed.  With  increasing  Rh  the  formation  of  O264O7  was 
suppressed  and  subsequently  at  Rh=0-675  or  above  was  totally  suppressed.  In 
contrast,  O262O4  formed  only  at  Rh=0-9.  When  Rh  was  from  0-675  to  0-75, 
Li4670i2Cl  formed  as  a  single-phase.  These  Rh  values  agreed  well  with  the 
figure  of  0-675  when  preparing  O467O12CI  powder  from  methoxides  under  the 
same  heating  condition.  The  by-product  formation  of  Li26407  and  Li2B204 
also  depended  on  Rh  in  a  similar  manner. 

3.1.2.  Reaction  process  during  heating  -  DTA-TG  analysis  was  performed  on 
Dried  Powders  prepared  from  the  inorganic  compounds  or  methoxides  with  Rh 
of  0-675,  when  a  single-phase  of  £14670120  formed.  The  two  TG  curves  of 
these  powders  showed  similar  decreases.  Figure  2  shows  the  DTA  curves  of  these 
powders.  60th  curves  exhibit  similar  endothermic  and  exothermic  reactions. 
Referring  to  our  results  in  preparation  from  methoxides  and  the  literature,  the 
observed  peaks  were  assigned  as  follows:  about  350  to  450  K  (endo),  evaporation 
of  methanol  and  adsorbed  water;  630  to  730  K  (endo),  decomposition  of 
Li26ioOi6.H20  with  dissipation  of  water  of  crystallization;  810  to  878  K  (exo), 
crystallization  of  an  intermediate  of  £126467;  883  K  (endo),  melting  of  £iCl 
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Heating  environments : 


Dried  film 

Film  heated 
in  Environment  A 

Film  heated 
in  Environment  B 

Film  heated 
in  Environment  C 

Stoichiometric  value 


Coating  solution 

Fig.  3.  Chlorine  content  of  films  prepared  from  various  coating  solutions  and  heated  in 

various  environments. 

Rn-0-675,  Rn-1-35  and  Rn+Rh  denote  the  chlorine  composition  in  the  coating  solutions: 

Rn=0-675,  Rh=0;  Rn=1-35,  Rh=0;  Rn=0-675,  Rh=0-675,  respectively. 

(lit.,  887  K);  893  to  960  K  (exo),  crystallization  of  Li4B70i2Cl;  a  broad  peak 
from  1080  to  1155  K  (endo),  decomposition  of  Li4B70i2Cl  (lit.[5],  beginning 
from  1 1 37  K  in  Ar);  sharp  peak  from  1155  to  11 90  K  (endo),  melting  of  a  material 
decomposed  of  Li2B407  (lit.[6],  1190  K),  where  the  terms  endo  and  exo  in 
parentheses  refer  to  endothermic  and  exothermic  reactions,  respectively. 

The  temperature  ranges  for  crystallization  of  Li2B407  and  Li4B70i2Cl  in  DTA 
analysis,  however,  did  not  coincide  closely  with  those  in  high-temperature  XRD 
[4],  probably  due  to  the  difference  in  heating  rates.  The  similarity  of  the  two 
DTA  curves  shows  that  the  kind  of  lithium  and  boron  sources  had  little  effect 
on  the  reaction  process  in  the  preparation  of  Li4B70i2Cl  powder.  Therefore, 
the  inorganic  compounds  were  used  as  the  lithium  and  boron  sources  for  the 
preparation  of  Li4B70i2Cl  film. 

3.2.  Preparation  of  Film 

3.2.1.  Problem  of  lack  of  chlorine  -  Film  prepared  with  hydrochloric  acid  added 
at  Rh=0-675  was  too  thin  (<0-3  pm)  for  characterization.  Therefore,  ammonium 
chloride,  which  was  found  to  produce  single-phase  Li4B70i2Cl  powder  in  a  way 
similar  to  hydrochloric  acid,  was  tried  as  a  chlorine  source.  When  prepared 
with  ammonium  chloride  added  at  Rn=0*675  and  heated  at  873  K  for  1  h  in  a 
nitrogen  atmosphere,  Li2B407  formed,  but  not  Li4B70i2Cl.  In  order  to  clarify 
the  difference  between  the  preparation  of  powder  and  film,  the  chlorine  content 
of  the  above  Dried  and  Heated  Films  was  analyzed  and  compared  with  that  of 
single-phase  Li4B70i2Cl  powder,  which  was  prepared  with  Rh  of  0-675  and 
heated  at  973  K  for  1  h.  The  powder  contained  10-6  wt%  of  chlorine,  which 
agrees  well  with  the  stoichiometric  value  for  Li4B70i2Cl  (10-7  wt%).  However, 
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20/ deg.  (Cu  Ka) 

Fig.  4.  X-ray  diffraction  patterns  of  the  films  prepared  from  various  coating  solutions  and 

heated  in  Environment  C. 

O,  <>,  and  V  denote  the  peaks  due  to  Li4B70i2Cl,  Li2B407  and  Pt,  respectively. 
Rn-0*675,  Rn-1‘35  and  Rn+Rh  denote  the  chlorine  composition  in  the  coating  solutions: 
Rn=0'675,  Rh=0;  Rn=1*35,  Rh=0;  Rn=0'675,  Rh=0-675,  respectively. 

in  the  films,  the  chlorine  content  declined  from  19*2  wt%  to  only  0-6  wt%  as  a 
result  of  heating.  These  results  show  that  chlorine  evaporated  more  easily  from 
films  than  from  powders.  Therefore,  a  different  approach  was  required  to 
suppress  the  evaporation  of  chlorine. 

3.2.2.  Suppression  of  chlorine  evaporation  -  We  attempted  to  suppress  chlorine 
evaporation  by  modifying  both  the  chlorine  composition  in  the  coating 
solutions  and  the  environment  for  heating  Dried  Films.  Figure  3  shows  the 
chlorine  content  of  films  prepared  from  different  coating  solutions  and  then 
heated  in  different  environments.  Among  the  films  prepared  from  the  same 
coating  solution,  the  chlorine  exists  in  the  following  order:  (Dried  Film)  >  film 
heated  in  Environment  C  >  that  in  Environment  B  >  that  in  Environment  A. 
This  order  coincides  with  the  decreasing  order  of  chlorine  content  in  the  heating 
environments.  This  shows  that  higher  chlorine  content  in  the  surrounding 
environment  suppresses  chlorine  evaporation  from  the  film. 

Increasing  the  amount  of  ammonium  chloride  from  0-675  to  1  -35  in  Rn  did 
not  suppress  chlorine  evaporation  at  all,  even  in  Environment  C,  because  both 
films  lacked  chlorine.  Only  when  film  was  prepared  from  the  coating  solution 

276  Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Fig.  5.  SEM  image  of  Li4B70i2Cl  film  prepared  from  the  solution  with  Rn=0-675  and 
Rh=0-675  and  heated  in  Environment  C. 

with  Rn=0*675  and  Rh=0*675,  and  heated  in  Environment  C  was  the  chlorine 
content  preserved  at  the  stoichiometric  value. 

3.2.3.  Characterization  of  film  -  The  phases  in  the  films  heated  in  Environment 
C  were  identified  by  XRD.  Figure  4  shows  the  X-ray  diffraction  patterns.  The 
chlorine  composition  in  the  solutions  also  affected  the  crystallization  of 
Li4B70i2Cl  and  Li2B407.  In  the  films  prepared  with  only  ammonium  chloride, 
Li2B407  alone  formed  and  crystallization  of  Li4B70i2Cl  was  not  observed  at 
all,  even  though  there  is  about  half  the  stoichiometric  amount  of  chlorine.  On 
the  other  hand,  in  the  film  prepared  from  the  coating  solution  with  Rn=0-675 
and  Rh=0-675,  when  the  chlorine  content  coincided  with  the  stoichiometric 
value,  Li4B70i2Cl  formed  as  a  single-phase. 

Furthermore,  in  the  prepared  Li4B70i2Cl  film  the  relative  intensity  of  the 
(200)  peak  was  quite  strong  in  comparison  with  that  in  the  JCPDS  data  files 
[7]  or  in  the  Heated  Powder  patterns.  This  indicates  that  the  Li4B70i2Cl  film  is 
highly  oriented  along  the  (100)  plane.  The  direction  of  the  orientation  is  ex¬ 
pected  to  enhance  the  ionic  conductivity  of  the  film,  because  the  direction  fits 
that  of  lithium-ion  channels  in  lithium  boracite  crystal. 

Figure  5  shows  the  SEM  image  of  the  Li4B70i2Cl  film.  The  surface  was  not 
smooth  but  had  a  structure  like  leaves,  although  the  surface  of  the  Dried  Film 
was  smooth.  EDX  analysis  of  the  Li4B70i2Cl  film  showed  that  the  Cl/O  inten¬ 
sity  ratio  was  approximately  the  same  everywhere  on  the  leaf-shaped  deposits, 
but  outside  the  deposits  chlorine  was  scarcely  detected  and  instead  the  Si  in¬ 
tensity  increased.  These  SEM  and  EDX  results  showed  that  the  deposits  were 
Li4B70i2Cl,  with  the  substrate  exposed  partly  between  the  deposits.  In  order  to 
prepare  smoother  Li4B70i2Cl  film,  which  is  required  to  examine  its  conductiv¬ 
ity,  further  study  of  the  heating  procedure  is  necessary. 
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4.  CONCLUSIONS 

Li4B70i2Cl  powder  and  film  were  prepared  by  the  sol-gel  method  from  inor¬ 
ganic  lithium  and  boron  compounds  with  hydrochloric  acid  or/and  ammo¬ 
nium  chloride.  Single-phase  Li4B70i2Cl  powder  was  obtained  from  a  sol  solution 
with  the  HCl/Li  molar  (Rh)  ratio  of  0-675  to  0-75,  in  a  manner  similar  to  that 
in  its  preparation  from  lithium  and  boron  methoxides.  The  kind  of  lithium 
and  boron  sources  had  little  effect  also  on  the  reaction  process  during  heating. 
Li4B70i2Cl  film  was  much  more  difficult  to  synthesize,  because  chlorine  evapo¬ 
rated  easily  from  the  films  during  heating.  Single-phase  Li4B70i2Cl  film  was 
prepared  only  from  the  sol  solution  with  Rh  of  0-675  and  NH4C1/Li  molar 
ratio  (Rn)  of  0-675  and  under  a  chlorine-rich  heating  environment.  The  pre¬ 
pared  Li4B70i2Cl  film  was  highly  oriented  along  the  (100)  plane. 
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Densities  of  the  alkali  thioborate  glasses,  xM2S.(l-x)B2S3  (M=Na,  K,  Rb, 
Cs),  have  been  measured  over  a  wide  range  of  compositions.  The  density 
trend  of  each  alkali  family  shows  a  strong  dependence  on  the  fraction  of 
tetrahedral  boron  sites  (M^BS^),  N4,  in  the  glass  “B  NMR  studies  have  shown 
that  the  conversion  rate,  oc,  of  trigonal  boron  sites  (BS3/2)  to  tetrahedral  sites 
varies  from  alkali  to  alkali;  the  conversion  rate  varies  from  a=2  for  cesium  to 
a-1'2  for  sodium.  In  the  low  alkali  region,  the  densities  all  show  a  monotonic 
increase  due  to  the  growth  of  N4  in  the  glass  However,  at  high  alkali  content, 
the  heavier  alkali  glasses  show  a  different  behavior  than  the  lighter  alkali.  The 
densities  of  the  heavier  alkali  continue  to  increase  throughout  the  glass  form¬ 
ing  region,  whereas  the  lighter  alkali  reach  a  maximum  and  decrease  as  the  N4 
diminishes  This  may  be  due  to  the  larger  alkali  ions  dominating  the  packing, 
giving  a  more  densely  packed  system;  whereas,  the  smaller  alkali  ions  are  domi¬ 
nated  the  trigonal  planar  units  causing  a  less  densely  packed  system. 


1.  INTRODUCTION 

With  the  increased  interest  in  B2S3-based  glasses  as  solid  state  electrolytes  [1- 
8],  research  on  the  correlation  between  the  short  range  order  (SRO)  and  the 
physical  properties  of  these  glasses  has  become  more  important.  Infrared  (IR) 
[9-12]  and  NMR  [13-16]  spectroscopic  studies  have  been  used  extensively  to  char¬ 
acterize  the  SRO  in  these  systems.  The  IR  and  NMR  data  show  that  the  SRO 
structural  groups  of  the  alkali  thioborate  glasses  are  similar  to  the  alkali  borate 
glasses  [17-23].  In  the  low  alkali  region,  the  trigonal  planar  groups,  B3(0)  (where 
the  3  represents  the  coordination  number  of  the  boron  and  the  number  in  paren¬ 
theses  represents  the  number  of  non-bridging  sulfurs  (NBS)),  are  replaced  by 
the  tetrahedral  groups,  B4.  In  the  high  alkali  region,  the  B4  groups  are  replaced 
by  the  trigonal  planar  groups  with  one  NBS,  B3(l),  and  trigonal  planar  groups 
with  three  NBS,  B3(3).  This  same  behavior  is  seen  the  borate  glasses,  with  the 
addition  of  a  trigonal  group  with  two  non-bridging  oxygen  (NBO),  the  analo¬ 
gous  group  with  two  NBS  are  not  found  in  the  thioborate  glasses. 

One  enigmatic  result  of  the  NMR  data  is  the  variation  of  the  conversion 
rate,  a,  of  B3(0)  groups  to  B4  groups  in  thioborate  glasses.  NMR  data  show 
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that  a-1'1  for  the  sodium  thioborate  glasses^  which  is  exceptionally  large  when 
compared  to  a-1  for  the  sodium  borate  glasses.  As  the  size  of  the  alkali  ion  is 
increased,  the  conversion  rate  decreases  to  a~2  for  the  cesium  thioborate  glasses, 
which  is  comparable  to  the  cesium  borate  glasses.  These  data  are  important 
when  analyzing  the  density  data  of  these  glasses. 

Using  the  four  coordinated  boron  group  fraction,  N4,  data  of  the  alkali  thiobo¬ 
rate  glasses,  the  density  can  readily  be  modeled.  The  density  can  be  defmed  as  [24]: 


P  = 


(1) 


where  fj,  m^,  and  Vj  are  the  fraction,  molar  mass,  and  molar  volume  of  the  i^ 
unit,  respectively.  If  the  volumes,  masses,  and  fractions  of  the  SRO  groups  are 
known,  this  makes  modeling  the  density  a  straight  forward  task.  However,  not 
all  of  the  volumes  and  fractions  are  known;  for  example,  the  only  volumes  which 
cannot  be  directly  calculated  from  the  density  are  the  volumes  of  the  B4  and 
B3(l)  groups.  Also,  the  only  fraction  which  cannot  be  calculated  from  the  N4 
data  is  the  post  maximum  region  of  the  B3(l)  group.  These  unknowns  were 
consequently  fit  to  the  density  data  in  order  to  obtain  the  best  values.  An  iterative 
Newtonian  search  algorithm  was  employed  to  perform  this  operation.  This  paper 
will  present  the  data  and  the  structural  model  developed  from  the  data. 


2.  EXPERIMENTAL  DATA 

Figures  l(a)-(d)  show  N4  as  a  function  of  composition  for  the  various  alkali 
thioborate  glasses.  Superimposed  on  the  experimental  data  are  plots  of  x/(l-x), 
2x/(l-x),  3x/(l-x),  and  4x/(l-x).  The  sodium  N4  data  fall  between  3x/(l-x) 
and  4x/(l-x),  indicating  a  conversion  rate  between  6  and  8  B4  groups  for  every 
B3(0)  group.  The  potassium  and  rubidium  N4  data  gives  a  conversion  rate  be¬ 
tween  2  and  4,  with  the  conversion  rate  in  the  potassium  system  being  larger 
than  that  of  the  rubidium  system.  Lastly,  the  cesium  N4  data  fall  on  the  x/(l-x) 
curve  indicating  a  conversion  rate  of  2.  The  precise  conversion  rate  is  calcu¬ 
lated  by  fitting  Eq.  (2)  to  the  N4  data.  The  fitting  was  performed  using  the  built 
in  Microsoft  Excel  solver  routine.  The  calculated  rates  for  the  alkali  thioborate 
glasses  are  given  in  Table  1.  Figure  2  shows  all  of  the  alkali  N4  data  as  a  function 
of  composition.  The  sodium  system  with  the  larger  conversion  rate  increases 


Table  1. 

Conversion  rates  of  the  various  alkali  thioborate  glasses. 


Na 

K 

Rb 

Cs 

Conversion  Rate 

7-2 

31 

2-3 

2 
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Fig.  1  (a)-(d).  The  N4  data  plotted  against  x/(l-x)  [—],  2x/(l-x)  [-  •],  3x/(l-x)  [ - ], 

4x/(l-x)  [---]. 

sharply  and  reaches  its  maximum  at  a  lower  composition  than  the  other  alkali 


Y'  Ar  ^ 

families.  As  the  size  of  the  alkali  ion  is  increased,  the  slope  of  the  conversion 
rate  decreases,  the  maximum  is  lowered,  and  the  position  of  the  maximum  is 
shifted  to  higher  alkali  content  glasses. 

The  density  data  is  similar  throughout  the  alkali  families.  In  the  low  alkali 
region,  every  family  shows  a  mono  tonic  increase  which  can  be  attributed  to 
increasing  N4  in  this  region.  The  density  data  can  be  seen  in  Fig.  3.  As  N4 
maximizes,  the  density  also  maximizes  for  the  smaller  alkali  families;  however, 
the  density  of  the  larger  alkali  families  continues  to  increase  throughout  the 
glass-forming  region.  Qualitatively,  these  density  trends  in  the  high  alkali  re¬ 
gion  can  be  explained  by  examining  the  size  of  the  alkali  ion  in  relation  to  the 
structural  groups.  Sodium  and  potassium  ions  are  similar  or  smaller  in  size  to 
the  structural  groups  which  causes  the  network  to  limit  the  packing  ability  of 
the  glass.  In  the  high  alkali  region,  the  less  dense  trigonal  planar  groups  domi¬ 
nate,  giving  a  lower  density  than  in  the  low  alkali  region  where  the  glass  is 
comprised  of  more  dense  tetrahedral  groups.  On  the  other  hand,  the  rubidium 
and  cesium  ions  are  much  larger  than  the  structural  groups,  thereby  allowing 
the  alkali  ions  to  determine  how  efficiently  the  glass  is  packed,  with  the  net¬ 
work  groups  acting  as  space  fillers.  This  same  behavior  is  found  in  the  alkali 
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Fig.  2.  A  compilation  of  alkali  thioborate  N4  data,  Na  (o),  K  (a),  Rb  (■),  Cs  (O),  with  a 
representative  error  bar  inserted  into  the  graph. 

borate  glasses  [25].  One  interesting  fact  to  note  is  that  the  0-5Na2S+0-5B2S3 
glass  (which  is  not  possible  in  the  sodium  borate  system)  can  be  made  through 
the  use  of  roller  quenching.  This  may  be  attributed  to  the  lower  melting  point 
of  the  sulfide  system  as  well  as  the  larger  size  of  the  sulfur  atom  which  in¬ 
creases  the  viscosity  and  allows  it  to  vitrify  more  readily. 

3.  MODEL 

A  more  quantitative  model  can  be  developed  using  Eq.  (1).  In  order  to  build 
a  model,  the  fractions  of  the  various  SRO  groups  must  be  found.  As  stated 
above,  the  N4  data  was  modeled  by  fitting  Eq.  (2)  or  straight  lines  to  the  data. 
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2 

Fig.  3.  A  compilation  of  alkali  thioborate  N4  data,  Na  (o),  K  (a),  Rb  (■),  Cs  (O),  the 
experimental  error  is  within  the  data  points. 
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Fig.  4  (a)-(d).  Densities  of  the  alkali  thioborate  glasses  (■)  with  the  model  (— ),  the 
experimental  error  is  within  the  data  points. 


From  these  data  and  the  fact  that  the  sum  of  the  fractions  at  all  compositions 
must  equal  unity,  most  of  the  other  fraction  information  can  be  elucidated. 
For  instance,  in  the  low  alkali  region,  only  the  B3(0)  and  B4  groups  exists. 
Therefore,  the  fraction  of  the  B3(0)  group  is  equal  to  one  minus  N4.  Upon  the 
formation  of  the  B3(l)  group,  it  is  assumed  that  the  fraction  B3(0)  group  falls 
to  zero  at  the  same  rate  as  for  lower  x  and  hence  the  fraction  of  the  B3(l) 
group  can  be  found.  When  the  fraction  of  the  B3(l)  group  reaches  its  maxi¬ 
mum,  the  B3(3)  group  is  formed.  Without  knowing  the  B3(l)  and  B3(3)  frac¬ 
tions,  the  model  cannot  be  completed  since  two  unknowns  exist  in  this  region. 
The  two  unknowns  can  be  simplified  by  assuming  the  B3(3)  fraction  is  equal 
to  one  minus  the  other  fractions.  The  leaves  the  decreasing  portion  of  the  B3(l) 
fraction  as  an  unknown. 

In  addition  to  the  unknown  fractions,  some  of  the  molar  volumes  are  un¬ 
known.  The  volumes  of  the  B3(0)  and  molecular  M2S  can  found  using  the 
density  of  V-B2S3  and  C-M2S.  The  density  of  crystalline  M2S  is  used  because  it 
has  been  shown  [26]  that  past  the  orthothioborate  composition,  M2S  remains 
in  the  glass.  The  use  of  the  crystalline  volume  of  the  alkali  sulfide  creates  some 
error  in  the  model;  however,  the  effect  of  this  error  is  only  seen  past  x=0-75 
and  therefore  is  minimal.  Reference  26  also  shows  that  the  molar  volumes  of 
the  B3(0),  B3(l),  and  B3(3)  groups  have  a  linear  relationship.  This  relationship 
is  employed  in  the  calculations  to  insure  accuracy  of  the  model,  as  well  as  to 
reduce  the  number  of  unknowns.  The  only  exception  to  these  formulations  is 
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Fig.  5  (a)-(d).  Modeled  fractions  of  the  SRO  groups  of  the  alkali  thioborate  glasses. 

the  sodium  system.  IR  data  of  the  sodium  thioborate  glasses  show  that  at 
x~0'75  the  fraction  of  the  B3(3)  group  approaches  unity.  Therefore,  the 
0-75Na2S+0*25B2S3  glass  can  be  used  to  find  the  volume  of  the  B3(3)  group.  In 
either  case,  there  exists  two  unknowns  associated  with  the  volumes  of  the  SRO 
groups:  the  volume  of  the  B4  group  and  either  the  volume  of  the  B3(l)  group 
or  the  slope  of  the  equation  relating  the  volumes  of  the  trigonal  boron  groups. 

The  two  unascertained  volume  terms  and  the  unknown  fractions  can  be  found 
by  employing  an  iterative  Newtonian  search  algorithm.  This  method  for  modeling 
the  density  is  based  on  the  iterative  use  of  the  built-in  solver  function  of  Microsoft 
Exel.  This  solver  function  uses  a  Newtonian  search  algorithm  to  vary  user  de¬ 
fined  variables  to  minimize  a  target  cell,  in  this  case  the  sum  of  the  square  of  the 
differences  between  the  model  and  experimental  data.  This  function  was  used 


Table  2. 

Molar  Volumes  (mL/mol)  of  the  SRO  Groups  of  the  alkali  thioborate  glasses. 


Na 

K 

Rb 

Cs 

B3(0) 

34'7 

34-7 

34-7 

34-7 

B4 

47-4 

57-3 

62-0 

63-6 

B3(l) 

52-3 

61-9 

68-2 

74-2 

B3(3) 

102-3 

122-6 

135-2 

154-7 

M2S 

42-1 

52-18 

64-19 

80-29 
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iteratively  by  varying  the  volume  terms,  and  then  the  fraction  terms  until  the 
sum  was  unchanging  to  10"^  Figures  4  (a)-(d)  show  the  alkali  thioborate  density 
data  with  the  models  superimposed  upon  them.  These  fibres  show  the  accuracy 
of  the  computer  calculations.  These  calculations  give  important  information, 
such  as  the  volumes  and  fractions  of  the  SRO  groups.  Table  2  gives  the  volumes 
of  the  SRO  groups,  both  calculated  directly  from  the  density  data  and  calculated 
with  an  iterative  Newtonian  search.  As  well  as  obtaining  the  previously  unknown 
molar  volumes,  the  fractions  of  the  various  SRO  groups  were  also  found.  These 
fractions  are  graphically  represented  in  Fig.  5  (a)-(d).  However,  the  calculated 
fractions  do  not  accurately  represent  what  is  seen  in  the  IR  data.  The  B3(3) 
fractions  of  the  cesium  thioborate  glasses  do  not  reach  unity  as  shown  by  this 
data.  This  could  be  an  artifact  of  assuming  that  the  cesium  sulfide  begins  to 
remain  in  the  glass  at  x=0-75. 

4.  CONCLUSIONS 

This  model  cannot  be  used  as  a  predictive  model  since  experimental  data 
were  used  in  calculations.  However,  it  does  give  some  insight  into  the  structure 
of  the  glass.  One  of  the  most  important  results  from  this  model  is  the  calcu¬ 
lated  B3(l)  fractions.  Without  conclusive  NMR  data  in  this  composition  re¬ 
gion,  relating  physical  properties  to  structures  is  very  difficult.  This  model  gives 
experimentally  determined  fractions  which  can  be  the  basis  of  other  models. 
This  work  will  help  researchers  to  obtain  a  better  understanding  of  the  nature 
of  the  alkali  thioborate  glasses,  which  may,  in  turn,  help  in  the  development  of 
technologically  useful  products. 
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The  chemical  structure  of  six  glasses  within  the  xAgI:(l-x)[Ag20:nB203] 
system,  and  polycrystalline  Agl  has  been  determined  using  high  resolution 
x-ray  photoelectron  spectroscopy.  The  O  Is  spectra  reveal  a  new  kind  of 
oxygen  atom  with  charge  density  lower  than  that  on  bridging  oxygens.  These 
low  charge  density  oxygens  (LCDO)  are  believed  to  result  from  a  predomi¬ 
nantly  covalent  bonding  with  Ag.  The  concentration  of  LCDO  increases 
with  the  initial  addition  of  Ag20  to  B2O3,  or  Agl  to  Ag20:B203  glasses.  For 
n=l,  with  increasing  x,  Ag  and  I  approach  the  chemical  state  of  crystalline 
Agl.  There  is  no  obvious  indication  of  distinct  Agl  microdomain  formation 
at  low  Agl  content. 


1.  INTRODUCTION 

Among  the  various  halogenated  borate  glasses,  the  structure  of  silver 
iodoborates  has  been  investigated  most  because  of  their  potential  application  as 
a  solid  electrolyte  [e.g.  1-11].  In  these  studies  much  attention  has  been  given  to 
the  structural  significance  of  Agl,  since  it  is  the  high  conductivity  component  in 
the  Agl--Ag20-B203  system.  In  this  regard  two  conflicting  views  are  prevalent  in 
the  literature:  (A)  Agl  maintains  its  identity  within  the  glass  structure  forming 
microdomains  or  clusters  such  that  fast  conduction  of  Ag’^ions  occurs  along 
these  regions  [8,12-16].  Then  silver  ions  must  have  at  least  two  different  environ¬ 
ments,  although  a  greater  variety  of  silver  coordinations  is  possible.  For  exam¬ 
ple,  Minami  et  al  [9]  have  proposed  three  environments  of  silver  ions 
corresponding  to  (i)  bonding  with  a  non-bridging  oxygen  (NBO)  in  BO3  groups, 
(ii)  bonding  only  to  I  and  (iii)  bonding  to  BO4  groups.  Further,  a  fourth  kind  of 
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environment  is  proposed  corresponding  to  two  intermediate  size  structural  units, 
and  different  ion  conduction  rates  are  assumed  for  the  silver  atoms  in  the  vari¬ 
ous  environments  [3].  The  recent  far  infrared  results  show  two  energetically  dif¬ 
ferent  Ag  sites  in  a  silver  borate  glass  and  a  third  kind  of  site  is  introduced  with 
the  addition  of  Agl  [6].  (B)  Agl  is  uniformly  dispersed  in  the  glass  network  so 
that  all  silver  ions  perceive  an  average  uniform  environment.  Then  the  conduc¬ 
tivity  is  enhanced  because  the  average  environment  in  Agl  containing  glass  pro¬ 
vides  a  lower  energy  barrier  for  ion  migration. 

The  structural  interpretation  of  fast  ion  conduction  in  the  system 
xAgI:(l-x)[Ag20:nB203]  becomes  considerably  more  complex  when  one  con¬ 
siders  also  the  glass  network.  One  set  of  spectroscopic  data  including  NMR  [2], 
Raman  [7,8]  and  neutron  scattering  [14]  indicate  that  the  borate  network  is  not 
affected  by  the  introduction  of  Agl.  The  latter  simply  occupies  and  expands 
the  interstitial  space  without  significantly  affecting  the  network.  On  the  con¬ 
trary,  infrared  investigations  show  significant  changes  in  the  borate  network 
[6,9,10],  which  should  indirectly  influence  the  silver  ion  migration.  In  particu¬ 
lar,  for  n=l  Agl  promotes  the  following  structural  transformation 

2  B04-  ^  B03O'-  +  B03  (1) 

where  0  represents  a  bridging  oxygen  (BO).  Thus,  there  are  several  diverse  and,  in 
some  ways,  contradictory  views  of  the  glass  structure  which  should  be  important 
for  Ag  conduction  in  the  glasses  of  interest.  However,  so  far  no  attempt  has  been 
made  to  characterize  the  chemical  structure  of  silver  borate  glasses  by  x-ray 
photoelectron  spectroscopy  (XPS).  In  this  paper  we  prcsent  a  preliminary  analysis 
of  our  high  resolution  XPS  results  on  xAgI:(l-x)[Ag20:B203]  glasses.  Considering 
that  the  chemical  structure  strongly  influences  both  the  transport  and  dielectric 
properties  of  a  glass  [18,19],  such  information  should  be  useful  for  establishing  a 
structural  basis  of  conductivity  in  silver  based  fast  ion  conducting  glasses. 

2.  EXPERIMENTAL 

The  glasses  were  prepared  by  mixing  and  then  melting  in  a  platinum  crucible 
appropriate  amounts  of  Ag20,  B2O3  and  Agl  powders  at  700-1000°C  depending 
on  the  composition.  The  homogenized  clear  melt  was  then  splat  quenched  be¬ 
tween  two  polished  copper  blocks,  which  resulted  in  glass  specimens  with  a  good 
surface.  The  specimens  were  stored  in  the  dark  to  prevent  any  light  induced 
changes.  The  spectra  were  obtained  using  a  Scienta  spectrometer  (ESCA- 
300)  with  monochromatic  A1  Ka  X-rays  (1486*6  eV).  To  avoid  surface  contami¬ 
nation,  the  sample  was  fractured  in  situ  in  a  vacuum  better  than  4*0  x  10"^  Torn 
The  surface  was  flooded  with  ~2  eV  electrons  to  minimize  the  surface  charging 
of  our  electrically  insulating  samples.  Data  analysis  was  conducted  with  the 
ESCA-300  software  package  using  a  Voigt  function  and  Shirley  background 
subtraction  [20].  The  B  Is  and  O  Is  peaks  for  B2O3  glass  inherently  show  a  small 
asymmetry  [25].  Therefore,  these  spectra  for  all  the  present  glasses  were  analyzed 
with  the  same  asymmetry  parameter  (0*1 1  and  0*12,  respectively). 
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Fig.  1.  O  Is  x-ray  photoelectron  spectra  for  xAgI:(l-x)[Ag20:B203]  glasses,  (a)  Comparison  of 
the  spectra  for  x=0*26-0-50.  (b)  Decomposition  of  the  spectrum  for  x=0-40  into  two  components. 


3.  RESULTS 

To  obtain  a  complete  picture  of  the  changes  in  bonding  of  the  various  elements, 
the  x-ray  photoelectron  spectra  have  been  obtained  for  the  Ag  3d,  B 1  s,  0 1  s  and  1 3d 
electrons  in  four  xAgI:(l-x)[Ag20:nB203]  glasses  with  n=l.  For  comparison,  spec¬ 
tra  for  the  binary  Ag20:2B203  (x=0,  n=2)  and  Ag20:9B203  (x=0,  n=9)  glasses  were 
also  obtained.  The  silver  diborate  glass  is  the  one  which  could  be  prepared  with  the 
highest  Ag20  content  without  adding  Agl.  Compared  to  binary  silver  borate  glasses, 
the  Agl  containing  glass  surfaces  showed  relatively  little  charging.  Nevertheless,  we 
could  not  be  completely  sure  that  a  sample  remained  at  the  ground  potential.  There¬ 
fore,  all  the  binding  energies  (be.)  reported  here  are  referenced  (somevdiat  arbitrar¬ 
ily)  to  B  1  s  as  being  at  1 9 1  -0  eY  We  have  chosen  B  1  s  as  an  internal  reference  because 
generally  cation  energy  levels  do  not  shift  much  with  composition.  Furthermore,  at 
least  for  the  metaborate  series  the  B/0  ratio  remains  fixed  and  no  variation  is  ob¬ 
served  in  the  full  width  at  half  maximum  (FWHM,  D)  of  the  Bis  peak. 

The  O  Is  spectrum  shows  the  strongest  variation  with  the  addition  of  Agl,  as 
shown  in  Fig.  1.  At  least  two  peaks  are  required  to  describe  it,  indicating  two 
distinguishable  chemical  environments  of  the  oxygen  atoms.  Therefore,  each  O  Is 
spectrum  is  fitted  with  two  components:  a  peak  ‘X’  at  high  b.e.  and  a  peak  ‘Y’  at 
low  be.  as  shown,  for  example,  in  Fig.  1(b)  for  the  04AgI:0*6[Ag20:B203]  glass 
The  dots  are  actual  data  points  and  the  upper  solid  curve  is  the  best  fit  to  data.  The 
following  procedure  was  adopted  for  curve  fitting:  since  the  spectrum  shows  strong 
asymmetry  on  the  high  binding  energy  side,  the  dominant  peak  is  selected  to  par¬ 
allel  the  height  and  slope  of  the  spectrum  on  the  low  binding  energy  side.  Then  a 
second  peak  is  added  with  its  maximum  corresponding  to  that  of  the  shoulder  on 
the  high  binding  energy  side.  With  these  two  peaks  as  initial  input,  the  ESCA-300 
computer  program  obtained  the  two  component  peaks  with  the  best  least-square 
fit  to  the  experimental  data.  The  fitting  procedure  is  initially  constrained  to  assign 
the  same  value  of  D  for  both  the  components.  Subsequently  D  for  the  two  compo¬ 
nents  was  made  independent.  For  the  case  of  x=04  and  0-5,  the  high  be.  shoulder 
is  sufficiently  strong  for  unambiguously  determining  its  approximate  position  and 
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height.  For  the  case  of  x=0-26  and  0-33,  the  shoulder  location  is  not  obvious.  Then 
the  peak  position  of  the  shoulder  for  the  x=04  glass  was  used  as  the  initial  peak 
position  input.  The  results  of  the  deconvolution  of  the  O  Is  spectra  are  listed  in 
Table  1,  which  includes  the  binding  energy,  FWHM  and  %  area  (%A)  of  the  two 
component  peaks.  The  error  in  be.  from  the  curve  fitting  procedure  is  estimated  to 
be  ±0T  eY  Then  the  b.e.  of  the  X  and  Y  peaks  remains  nearly  independent  of 
composition.  By  comparison  the  %A  of  the  X  component  increases  with  increas¬ 
ing  X  or  decreasing  n. 

In  contrast  to  the  O  Is  spectrum,  the  Ag  3d  and  I  3d  spectra  are  nearly  sym¬ 
metric  and  can  be  described  reasonably  well  by  single  peaks  as  characterized  by 
the  parameters  given  in  Table  1  (Ag  3d  spectrum  for  n=9,  as  an  exception,  con¬ 
sists  of  two  peaks).  At  the  same  time  D  for  these  two  peaks  is  significantly  larger 
for  the  present  glasses  than  for  crystalline  Agl,  particularly  for  the  Ag  3d  peak. 
Further,  D  for  both  the  peaks  decreases  appreciably  with  increasing  x  (Table  1). 
In  general,  given  the  relatively  large  scatter  in  data,  the  B  Is  spectra  can  be  de¬ 
scribed  approximately  by  a  single  peak  with  the  small  asymmetry  found  for  B2O3 
glass  [25],  but  with  a  D  much  larger  than  for  the  Ag  and  I  peaks. 

4.  DISCUSSION 

Typical  O  Is  spectra  for  alkali  silicate  glasses  consist  of  a  large  peak  at  high 
b.e.  and  a  small  peak  at  low  b.e.  corresponding  to  BOs  and  NBOs  respectively 
(e.g  [21,22]  and  references  therein).  The  fractional  area  of  the  low  he.  peak 
remains  directly  proportional  to  the  alkali  content.  The  O  Is  spectra  of  alkali 
germanate  glasses  can  also  be  fitted  with  a  large  and  a  small  component  at 
high  and  low  b.e.  respectively,  but  in  this  case  the  area  ratio  does  not  have  a 


Table  1. 

Binding  Energy  (he.),  Full  Width  at  Half  Maximum  (A)  and  Percent  Area  (%A)  of  the 
Various  XPS  Peaks  for  the  xAgI:(l-x)[Ag20:nB203]  Glass  System. 


Material 

0  Is 

I  3d5/2 

Ag  3d5/2 

B  Is 

b.e. 

A 

%A 

he. 

A 

he. 

A 

he. 

A 

x=0*26,  n=2 

530-4 

1-82 

94 

619-7 

1-13 

368-0 

1-08 

191-0 

1-24 

532-6 

1-48 

6 

x=0-33,  n=2 

530-5 

1-79 

96 

619-7 

1-10 

368-1 

1-04 

191-0 

1-21 

532-6 

M6 

4 

x=0-40,  n=2 

530-4 

1-76 

92 

619-6 

1-07 

368-1 

1-00 

191-0 

1-17 

532-7 

1-67 

8 

x=0-50,  n=2 

530-5 

1-97 

83 

619-4 

1-06 

368-0 

0-95 

191-0 

1-44 

532-4 

1-72 

17 

x=0,  n=9 

530-6 

2-19 

96 

366-8 

1-60* 

191-0 

2-02 

532-3 

1-97 

4 

368-5 

1-56* 

x=0,  n=2 

530-6 

1-76 

89 

367-3 

1-17 

191-0 

1-38 

532-2 

1-61 

11 

Agl 

B2O3  [25] 

530-6 

1-77 

620-0 

0-93 

368-8 

0-66 

191-0 

1-68 

’Consists  of  two  components  with  areas  89%  and  11%,  indicating  possible  phase  separation. 
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Fig.  2.  O  Is  x-ray  photoelectron  spectra  for  Ag20:9B203  and  Ag20:2B203 glasses. 

simple  relationship  with  the  alkali  content  because  the  latter  induces  Ge04  — > 
GeOg  conversion  in  addition  to  the  formation  of  NBOs  [23,24].  Nonetheless, 
for  both  alkali  silicate  and  alkali  germanate  glasses  the  dominant  BO  peak  is 
on  the  higher  b.e.  side.  By  contrast,  the  dominant  O  Is  component  (Y)  for  the 
present  silver  iodoborate  and  binary  silver  borate  glasses  is  at  lower  b.e.  (see 
Figs  1  and  2;  Table  1).  Clearly,  the  structure  around  O  in  the  present  silver 
borate  glasses  is  significantly  different  from  that  in  alkali  germanate  and  sili¬ 
cate  glasses.  The  following  points  may  be  noted  for  determining  the  origin  of 
the  two  (or  possibly  more)  components  of  the  O  Is  spectra  in  Fig.  1: 

(a)  The  b.e.  difference  between  the  peaks  X  and  Y,  6xy=  1  •6-2-3  eV,  is  typical  of  the 
values  reported  for  the  BO  and  NBO  in  silicate  and  germanate  glasses  [21-24]. 
Thus  it  is  tempting  to  assign  X  to  BOs  and  Y  to  NBOs,  but  for  the  following 
reasons  that  will  be  inappropriate. 

(b) .  It  is  reasonable  to  assume  that  in  B2O3  all  O  atoms  form  bridges  between  two 
B  atoms.  For  this  glass,  the  difference  between  the  B  Is  and  O  Is  peaks,  6bo=339’6 
eV  [25].  When  silver  is  added  to  B2O3,  a  component  grows  on  the  high  b.e.  side 
(see  Fig.  2),  similar  to  the  X  peak  in  Fig.  1.  Table  1  indicates  that  5bo(x)=341-3 
and  341-2  eV  for  this  component  for  the  binary  glasses  with  n=9  and  2, 
respectively.  On  the  other  hand,  for  the  dominant  component  6bo(y)= 3 39 -6,  which 
is  identical  to  the  value  for  B2O3.  Therefore,  we  should  assign  the  Y  peak  to  BOs 
similar  to  those  in  B2O3. 

(c)  Since  the  b.e.  of  the  ‘X’  peak  is  larger  than  that  of  the  ‘Y’  peak,  the  former 
represents  O  atoms  with  a  smaller  electron  density.  So  if  the  dominant  peak  ‘Y’ 
represents  BO,  X  should  represent  an  O  atom  with  even  smaller  electron  density. 
To  the  best  of  our  knowledge  the  new  low  charge  density  oxygen  (LCDO)  atoms 
have  not  been  previously  observed  in  the  XPS  of  any  alkali  containing  oxide  glass. 

Generally,  Ag  is  considered  iso-structural  to  alkali  atoms  in  oxide  glasses  [26]. 
That  is,  silver  should  be  donating  its  electron  to  an  oxygen  atom  or  polyhedron 
forming  an  NBO  or  inducing  a  network  conversion  of  the  type  Ge04  GeOg 
or  BO3  BO4.  In  this  picture,  the  addition  of  a  silver  atom  can  only  increase 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


291 


the  electron  density  more  or  less  on  a  BO.  However,  the  present  results  show 
that  the  addition  of  silver  decreases  electron  density  away  from  at  least  an 
appreciable  fraction  of  the  network  oxygen  atoms.  Now  if  we  consider  the 
electronegativity  values  of  O  (3-44),  B  (2-04),  Ag  (1*93)  and  the  alkali  atoms 
(0-79-0-98)  [27],  we  find  that  Ag  is  much  more  like  B  than  an  alkali  atom.  That 
is,  Ag  should  be  forming  a  relatively  covalent  bond  just  like  B.  Obviously,  this 
inference  must  be  appropriately  modified  to  reflect  the  differences  in  sizes  and 
coordinations  of  the  two  atoms.  In  any  case,  from  electronegativity  arguments 
we  may  anticipate  that  at  least  a  fraction  of  Ag  atoms  is  bonded  to  O  much 
like  B.  With  the  Ag20  addition  the  formation  of  predominantly  covalent  Ag- 
0-B  linkages  appears  feasible  with  lower  electron  density  on  O  atoms  than 
those  in  B-O-B  linkages.  This  proposal  of  a  relatively  covalent  Ag-O  bond  is 
consistent  with  the  suggestion  of  Tarashima  et  al  [28]  and  the  most  recent  far 
IR  results  of  Kapoutsis  et  al.  [29].  In  this  connection  note  that  XPS,  unlike 
infrared  (IR)  spectroscopy,  does  not  directly  detect  the  bond  linkages  but  only 
the  changes  in  a  particular  energy  level  by  the  changes  in  chemical  environ¬ 
ment.  The  relative  fraction  of  X  oxygen  atoms,  fx,  increases  from  about  4%  to 
1 1%  when  n  decreases  from  9  to  2,  indicating  that  indeed  the  X  peak  is  associ¬ 
ated  with  Ag  atoms.  Note  that  for  the  n=9  and  n=2  silver  borate  glasses  Ag/0 
ratio  is  0-0714  and  0-286,  respectively.  Apparently,  more  than  one  Ag  atom  is 
needed  to  produce  an  LCDO.  A  simple  evaluation  of  the  composition  de¬ 
pendence  of  the  X  peak,  the  density  of  states  near  the  Fermi  level  and  visual 
observations  do  not  indicate  that  the  LCDO  could  be  a  color  center  produced 
by  x-irradiation.  Nonetheless,  we  are  pursuing  a  systematic  investigation  to 
experimentally  rule  out  this  possibility  or  an  impurity  origin  of  this  peak. 

Both  the  NMR  [26]  and  IR  [29]  studies  show  that  the  addition  of  up  to  25-30 
mol%  Ag20  to  B2O3  is  accompanied  by  BO3  BO4  conversion.  For  higher  mol% 
Ag20,  NBOs  are  presumed  to  be  produced  at  the  expense  of  BO4  tetiahedra.  How¬ 
ever;  the  XPS  spectra  do  not  show  a  clear  evidence  of  NBOs  in  any  of  the  present 
glasses,  thus  suggesting  that  either  the  concentration  of  NBOs  is  too  small  or  that 
their  electron  density  is  not  sufficiently  different  from  that  of  BOs  In  principle,  the  Y 
component  can  be  deconvoluted  into  a  BO  and  an  NBO  component,  but  we  have 
refrained  from  any  deconvolution  which  is  not  sufficiently  unique  and  necessary. 

Unfortunately,  an  Ag20:B203  reference  glass  could  not  be  prepared  without 
crystallizing  the  melt.  So,  if  we  extrapolate  the  observed  increasing  trend  of  fx 
with  increasing  Ag20  mol%,  we  expect  the  X  component  to  be  about  20%  of  the 
total  O  in  silver  metaborate  glass.  None  of  the  Agl  containing  silver  metaborate 
compositions  have  this  high  value  of  fx  .  In  fact,  fx  decreases  with  decreasing 
Agl  content  (the  curve  fitting  error  in  %A  is  ±2%).  That  is,  the  silver  metaborate 
glass  appears  to  have  significantly  fewer  LCDOs  than  predicted  by  the  two  lower 
Ag20  content  binary  glasses,  perhaps  because  they  are  being  replaced  by  some 
other  type  of  BOs  in  a  complex  structural  unit  or  NBOs  [29]. 

An  important  message  from  the  present  data  is  that  in  contradiction  to  the 
assumption  that  Agl  has  no  influence  on  the  network  structure  [2,7,8,14],  the 
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O  Is  spectrum  is  significantly  influenced  by  the  addition  of  Agl.  The  changes 
from  Agl  addition  in  the  electron  distribution  within  the  network  parallel  those 
from  the  addition  of  Ag20  to  B2O3.  In  both  cases  the  migration  of  silver  is 
facilitated  by  the  changes  in  the  network.  The  previous  IR  work  on  the  same 
glasses  led  to  eq.  (1)  above  [29],  with  the  conclusion  that  Agl  destroys  B04 
units.  The  present  results  cannot  be  expressed  in  the  classical  simplified  pic¬ 
ture  made  of  well  defined  ionic  species.  Further  analysis  and  modeling  of  the 
O  Is  spectra  are  needed  to  verify  the  predictions  of  eq.  (1). 

As  mentioned  before,  the  Ag  3d  spectra  can  be  reasonably  well  described  by  a 
single  peak.  However,  the  FWHM  of  the  peak  is  significantly  larger  than  that  of 
Ag  in  Agl  (for  which  A=0-66  eV)  but  comparable  to  that  for  silver  diborate  (1T7 
eV),  thus  indicating  that  there  is  a  range  of  chemical  environments  of  silver.  Un¬ 
fortunately,  the  Ag  3d  XPS  line  is  relatively  insensitive  to  the  chemical  environ¬ 
ment  and  therefore  we  are  investigating  the  change  in  the  Ag  Auger  parameter 
which  is  a  better  indicator  of  the  Ag  environment.  A  close  examination  of  the  Ag 
3d5/2  XPS  peak  shows  a  small  but  significant  change  with  the  addition  of  Agl:  the 
F'W^M  of  this  peak  decreases  slightly.  This  is  an  indication  of  increased  homog¬ 
enization  of  the  average  charge  distribution  around  Ag  with  increasing  Agl. 

The  1 3d5/2  spectra  show  a  variation  which  complements  that  of  Ag  3d5/2.  With 
respect  to  B  Is  there  is  no  change  in  the  be.  of  I  3d5/2,  indicating  that  the  I  atoms 
remain  unaffected  by  the  rest  of  the  glass  structurc.  Furthermore,  the  be.  differ¬ 
ence  between  the  Ag  and  I  XPS  peaks,  dAg_i,  decreases  from  25 1  *7  to  25 1 4  eV  as  x 
increases  from  0-26  to  0-5,  approaching  2M-2  observed  for  the  Agl  powder.  Thus, 
the  charge  density  difference  within  the  Ag-I  bond  decreases  and  it  becomes  a 
more  covalent  bond  with  the  addition  of  Agl.  The  same  conclusion  is  found  from 
the  increase  of  the  far  IR  absorption  frequencies  representing  the  rattling  of  Ag 
atoms  in  a  mostly  covalent  environment  [6,29].  Finally,  the  I  3d5/2  peak  also  be¬ 
comes  narrower  with  increasing  x,  much  like  the  Ag  3d5/2  peak,  becoming  more 
hke  the  same  peak  for  Agl  (A=0'93  eV).  These  observations  support  the  IR  obser¬ 
vations  [10]  and  suggest  the  following  model:  The  addition  of  Agl  distinctly  modi¬ 
fies  the  borate  network.  In  particular,  the  charge  distribution  in  the  glass  changes 
much  hke  that  vhich  occurs  with  the  initial  addition  of  Ag20  to  B2O3.  An  I  atom 
simply  enters  as  an  interstitial  without  actively  affecting  the  network.  Only  at  high 
Agl  concentration,  do  the  Ag  and  I  atoms  become  like  those  in  Agl  crystal.  There¬ 
fore,  for  the  same  reason,  at  small  x  there  should  not  be  any  microdomains  remi¬ 
niscent  of  crystalline  Agl.  There  appears  to  be  a  gradual  conversion  of  Ag  atoms 
surrounded  predominantly  by  O  atoms  to  those  predominantly  coordinated  by  I 
atoms,  ultimately  approaching  the  Agl  structure. 

5.  CONCLUSIONS 

The  x-ray  photoelectron  spectroscopy  of  four  silver  iodoborate  and  two  silver 
borate  glasses  reveals  that  silver  affects  the  bonding  within  the  glass  network 
differently  than  do  any  alkali  atoms  in  silicates,  borates  or  germanates.  Most 
notably,  the  charge  density  on  a  fraction  of  O  atoms  decreases  with  the  addition 
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of  Ag20  or  Agl.  The  observation  of  these  low  charge  density  oxygen  (LCDO) 
appears  to  be  the  first  one  for  any  oxide  glass  containing  monovalent  cations. 
The  observation  is  opposite  to  that  expected  from  the  formation  of  NBOs  or  the 
usual  negatively  charged  BO4  tetrahedra.  The  unusual  kind  of  O  bonding  in  the 
present  glasses  is  explained  in  terms  of  a  predominantly  covalent  bonding  of  Ag 
resulting  from  its  high  electronegativity,  comparable  to  that  of  B. 

The  addition  of  Agl  to  silver  metaborate  glass  induces  the  formation  of  low 
electron  density  O  in  the  structure.  With  increasing  Agl  content  in  the  glass,  both 
Ag  and  I  atoms  gradually  approach  the  chemical  state  of  crystalline  Agl,  but  there 
is  little  support  for  the  existence  of  Agl  microdomains  at  low  Agl  content. 
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The  paper  presents  a  summary  of  research  performed  during  recent  years  on 
(AgIX(Ag20.«B203)i-x  glasses  using  X-ray  Absorption  Spectroscopy  (EXAFS  and 
XANES)  and  diffraction  techniques  Short  and  intermediate  range  ordered  struc¬ 
tures  typical  of  these  systems  are  presented  and  discussed.  The  unusual  very  low 
coordination  number  of  silver  with  oxygen  (N=2)  shown  by  EXAFS  analysis  is 
confirmed  by  a  comparison  with  the  local  coordination  of  silver  in  borate  crys¬ 
tals.  silver  borate  glasses  can  accommodate  high  concentrations  of  Agl  and  show 
fast  ion  conducting  properties.  Even  the  best  superionic  glasses  prepared  by  con¬ 
ventional  melt  quenching  do  not  show  evidence  for  crystallinity  of  Agl;  on  the 
contrary,  by  fast  roller  quenching  techniques  it  is  possible  to  stabilise  the  crystal¬ 
line  superionic a-phase  of  Agl  even  at  room  temperature.  The  peculiar  role  of  the 
covalent  Ag-O  bond  in  the  borate  network  can  explain  these  experiments. 


1.  INTRODUCTION 

The  B2O3  glass  network  can  be  easily  changed  by  insertion  of  a  modifier  alkali  metal 
oxide  (M2O).  This  is  mainly  due  to  the  possibility  of  gradually  changing  the  local  configu¬ 
ration  of  some  boron  atoms  from  neutral  planar  BO 3  triangles  to  negatively  charged  BO4 
tetrahedra.  Glassy  systems  of  general  formula  M20.«B203,  (where  n  is  the  molar  ratio 
[B203]/[M20])  can  by  easily  obtained  by  melt  quenching  over  a  wide  range  of  composition. 

It  is  generally  believed  that  a  direct  and  universal  relationship  exists  between  the 
fraction  of  three-  and  four-coordinated  boron  atoms  and  the  concentration  of  M2O 
[1]:  starting  from  the  pure  B2O3  structure  (formed  only  from  triangular  units,  partly 
organised  to  form  three-member ed  boroxol  rings),  there  is  a  continuously  increasing 
number  of  BO4  units  with  increasing  M2O  concentration,  within  a  glass  network  where 
each  oxygen  is  bridging  between  two  boron  atoms,  the  maximum  fraction  of  tetrahe- 
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dra  being  reached  for  n~2.  On  further  increasing  the  M2O  content,  nonbridging  oxy¬ 
gen  (NBO)  atoms  appear,  yielding  BOs"  units,  and  the  relative  number  of  BO4  tetrahedra 
is  reduced.  The  BO3  and  BO4  basic  units  can  link  to  form  different,  larger  superstructural 
groups,  originally  recognised  and  classified  by  Krogh-Moe  on  the  basis  of  X-ray  structural 
investigations  of  crystalline  compounds  having  a  similar  composition  [2].  All  of  these  inter¬ 
mediate  range  (IRO)  units  contain  modifications  of  the  original  B3O6  three-membered,  pla¬ 
nar  boroxol  ring:  of  course^  the  presence  of  BO4  tetrahedra  forces  a  three-dimensional 
arrangement  of  the  B-O  bonds  and  in  some  cases  results  in  a  stronger  rigidity  of  the  unit  as, 
for  example,  in  the  case  of  the  diborate  group. 

The  kind,  fractional  content  and  interconnection  of  these  IRO  units  varies  as  a  func¬ 
tion  of  the  alkali  metal  oxide  content,  both  in  crystals  and  in  glasses.  It  should  be  noted 
here  that,  contrary  to  the  universal  trend  shown  by  the  relative  number  of  BO3  and  BO4 
units  as  a  function  of  «,  the  modifier  oxide  plays  an  important  role  in  determining  the 
structure  of  alkali  borate  compounds:  it  is  evident  from  a  comparison  of  the  works  of 
Krogh-Moe  that  the  IRO  and  the  medium  range  order  (MRO)  structures  are  different 
for  crystalline  systems  of  the  same  chemical  composition  but  with  different  cations. 

The  fundamental  role  of  each  network  modifying  cation  is  probably  increased  in  glasses, 
because  the  long  range  order  of  the  crystal  is  lost  and  there  are  extra  degrees  of  freedom  for 
the  IRO  and  MRO  structures:  from  this  point  of  view  it  is  important  to  study  more  deeply 
the  local  coordination  of  the  cations,  going  beyond  the  concept  of  a  mean  coordination 
number  and  distance  by  trying  to  understand  what  function  a  cation  is  playing  in  each 
identified  or  proposed  local  site:  for  example,  the  cation  can  directly  participate  in  the  net¬ 
work,  bridging  between  different  oxygens^  or  it  can  simply  compensate  the  negatively  chaiged 
sites,  being  free  to  jump  between  adjacent  similar  sites.  This  kind  of  study  will  greatly  en¬ 
hance  the  understanding  of  the  ion  conducting  properties  shown  ty  borate  glasses:  indeed,  a 
microscopic  theory  soundly  based  on  direct  structural  information  is  still  lacking. 

Borate  glasses  are  even  more  appealing  for  technological  application  when  a  metal  halide 
salt  (e.g.  Lil,  LiCl,  Agl,  AgBr,  etc.)  is  added  to  form  a  pseudo-binary  glass  of  general 
formula  (MX)x(M20.«B203)i_x  (M=Li  or  Ag;  X=Cl,Br  or  I)  since  these  systems  show  a 
very  high  room  temperature  ionic  conductivity,  typically  1~5  (ohm  cm)" ^  The  highest  val¬ 
ues  of  ionic  conductivity  are  obtained  for  silver  borate  glasses  doped  with  Agl. 

A  research  project  on  (AgI)x(Ag20.«B203)i_x  glasses  has  been  under  way  in  the  au¬ 
thors’  Institutes  for  many  years  [3],  aiming  at  a  deeper  knowledge  of  the  local  struc¬ 
ture  around  the  silver  and  iodine  atoms  and,  more  generally,  of  the  IRO  and  MRO 
characteristics  of  silver  borate  glasses  [4].  This  paper  presents  a  summary  of  these 
studies,  using  x-ray  absorption  spectroscopy  (XANES  and  EXAFS)  and  diffraction 
techniques.  Details  of  the  experiments  can  be  found  in  the  original  papers  [4-5]. 

2.  SHORT  RANGE  ORDER 

X-ray  Absorption  Spectroscopy  (XAS)  can  provide  local  structural  information  about 
the  environment  of  the  absorbing  atom.  In  particular,  EXAFS  studies  allow  the  determi¬ 
nation  of  the  mdial  distribution  function  around  the  absorbing  atoms  in  terms  of  coordi¬ 
nation  number,  interatomic  distance  and  degree  of  distortion  from  a  symmetric 
coordination.  A  careful  analysis  of  the  EXAFS  Debye-Waller  factor  as  a  function  of 
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temperature  can  also  provide  information  about  the  local  vibrational  dynamics,  since  it  is 
related  to  the  Mean  Square  Relative  Displacement  (MSRD)  of  atoms.  On  the  other  hand, 
the  analysis  of  XANES  pC-ray  Absorption  Near  Edge  Structures)  is  useful  for  studying 
the  electronic  structure  and  the  chemical  bonding  of  the  absorbing  atom. 

2.1.  X-ray  Absorption  Results 

2.1.1.  EXAFS  analysis  of  (AgzO./i  B2O3)  -The  EXAFS  was  measured  at  room  temperature 
at  the  K  and  L  edges  of  Ag.  The  quantitative  analysis  of  the  first  coordination  shell  for 
glasses  withn=2,3,4  and  6  was  made  using  crystalline  Ag20  as  a  reference.  This  compound 
has  a  highly  symmetric  structure:  silver  atoms  are  linearly  coordinated  by  oxygen  and 
oxygen  atoms  are  tetrahedrally  coordinated  by  silver.  The  first  Ag-O  distance  in  the  crystal 
is  2-044  A  [6].  The  EXAFS  for  glasses  with  n>2  is  very  similar:  the  average  Ag-O  distance 
is  found  to  be  2-27±0-05  A,  about  0-3  A  larger  than  in  c-Ag20.  For  the  glass  with  n=2,  the 
best  fit  to  the  experimental  data  is  obtained  by  considering  two  different  Ag-O  distances, 
2-02  ±  0-05  A  and  2-27±0-05  A:  this  new  shorter  distance  has  been  attributed  to  silver 
coordinated  by  non-bridging  oxygens,  which  are  expected  at  this  high  Ag  content  on  the 
basis  of  NMR  results  [7],  The  average  coordination  number  obtained  for  the  oxygens  in 
the  first  shell  is  N=2,  the  same  as  for  Ag20.  The  shortest  distance  coincides  with  the  Ag-O 
bond  length  in  c-Ag20,  suggesting  the  presence  of  a  very  similar  local  structure  in  the  glass 
with  n=2.  The  Debye-Waller  (DW)  factor  at  room  temperature  is  found  to  be  very  similar 
for  the  glasses  and  the  reference  crystal.  On  the  contrary,  more  recent  measurements  at  low 
temperature,  using  the  wider  energy  range  available  at  the  k  edge,  showed  that  the  MSRD 
for  the  O-Ag-O  distances  behaves  differently  in  Ag20  and  the  glasses:  this  is  mainly  due  to 
the  static  disorder  contribution  in  the  glasses,  vvhich  is  constant  with  temperature.  New 
EXAFS  measurements  are  planned  to  better  study  this  fact. 

The  similarity  between  the  DW  factors  indicates  that  the  first  coordination  shell  of 
silver  in  the  glasses  is  characterised  by  a  high  degree  of  order.  This  means  that  silver  is  not 
randomly  dispersed  within  the  glass  network:  if  so,  the  DW  factor  would  be  much  higher 
than  that  measured.  This  important  point,  together  with  the  low  value  of  the  coordination 
numbei;  will  be  discussed  in  greater  detail  below. 

2.1.2.  Near  edge  analysis  of  (Ag20.wB203)  -  The  absorption  measurements  at  the  L3, 
L2  and  Li  edges  of  silver  are  very  interesting,  because  the  high  experimental  energy 
resolution  allows  the  electronic  structure,  characteristic  of  the  Ag-O  bonds  in  the 
glasses,  to  be  studied  more  deeply  . 

The  XANES  region  at  the  L3  edge  of  Ag20  is  very  highly  structured  and  shows  a  charac¬ 
teristic  white  line  peak.  This  feature  has  been  attributed  to  a  diicct  transition  of  the  photo¬ 
electron  from  the2p  core  level  to  the  Ag-4<ipartial  density  of  electronic  states  [8],  Alternatively, 
the  white  line  peak  may  be  regarded  as  a  fingerprint  of  the  incorporation  of  Ag-4d  states 
(from  a  nominally  closed  d’®  subshell)  in  the  chemical  bonding.  If  this  iband  is  totally  filled, 
as  can  be  expected  for  metallic  silver  or  for  an  Ag""  free  ion,  the  white  line  is  absent.  In  c-AgaO, 
this  band  is  only  about  90%  filled:  the  unoccupied  states  are  present  at  the  bottom  of  the 
conduction  band,  thus  contributing  to  the  first  peak  of  the  spectrum.  The  presence  of  a  very 
similar  peak  in  the  XANES  spectra  for  (Ag20.«B203)  glasses  was  interpreted  as  an  indication 
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that  the  same  kind  of  bond  is  still  present  in  the  glasses:  the  present  authors  have  suggested  a 
strongly  locahsed  bond,  and  a  quasi-linear  O-Ag-0  coordination  [5b]. 

This  has  been  partially  confirmed  by  Behrens  [9],  who  made  a  careful  analysis  of  the 
L3  edge  for  different  oxidic  Ag"^  compounds  (crystals  and  glasses):  he  confirmed  that  the 
white  line  peak  is  proportional  to  the  covalent  part  of  the  Ag-O  bond  and  showed  that 
this  is  a  common  feature  of  these  compounds.  On  the  contrary,  the  proposed  linear 
coordination  is  not  supported  (but  not  excluded)  by  the  mere  presence  of  the  white  line, 
because  this  peak  is  present  in  compounds  having  three-  or  four-fold  coordination. 

2.1.3.  Analysis  of  (AgI)x(Ag20./iB203)i_x  -  The  EXAFS  was  measured  at  room 
temperature,  at  the  K  and  L  edges  of  silver  and  at  the  L  edges  of  iodine,  only  for 
glasses  with  n-A. 

The  EXAFS  data  show  that  the  v^ll  defined  Ag-0  bond  previously  identified  remains 
unchanged  when  the  Agl  content  increases  up  to  x=0-55  (the  maximum  concentration 
possible  for  this  glass):  a  quantitative  analysis  of  the  edge  structures  shows  that  the  frac¬ 
tion  of  Ag  cations  bonded  to  oxygen  is  that  expected  from  the  stoichiometry.  This  is  a 
further  confirmation  that  the  main  features  of  the  borate  network  are  not  appreciably 
affected  by  the  progressive  introduction  of  Agl. 

From  the  Ag-K  EXAFS,  a  second  feature,  related  to  the  Ag-I  coordination,  is  clearly 
resolved:  the  mean  Ag-I  distance  is  2-75  A,  slightly  lower  than  in  crystalline  P-Agl.  This  is 
confirmed  by  temperature  dependent  measurements  performed  at  the  La-edge  of  iodine.  The 
coordination  number  of  silver  ions  around  the  absorbing  iodine,  estimated  for  different  sam¬ 
ples  and  temperatures,  is  N=4.  This  value  is  constant  and  is  the  same  for  (3-AgI  and  the 
glasses.  A  careful  analysis,  however,  shows  a  significative  difference  in  the  radial  distribution 
function  for  P-AgI  crystal  and  the  glasses:  the  asymmetry  of  the  I-Ag  shell  in  the  glasses  is 
higher,  because  the  static  disorder  is  strongly  enhanced  (much  more  than  for  the  Ag-O  coor¬ 
dination).  Even  at  the  highest  Agl  content,  the  EXAFS  data  do  not  show  evidence  of  the 
iodine-iodine  coordination  expected  for  the  tetrahedral  coordination  of  p-Agl.  On  the  con¬ 
trary,  only  at  low  Agl  content  evidence  for  an  I-Ag-O  coordination  can  be  found. 

This  means  that,  at  low  Agl  content,  very  small  (Agl)  units  are  dispersed  in  the  empty 
space  of  the  glass  matrix,  directly  bonded  to  the  nearest  available  O-Ag  dangling  bonds. 
The  high  static  disorder  already  present  in  the  first  coordination  shell  excludes  any  order¬ 
ing  of  the  Agl  in  terms  of  a  crystalline  phase.  The  difference  in  the  long  range  order 
between  P-AgI  and  the  glasses  is  confirmed  by  the  analysis  of  the  XANES  region  at  the  L3 
and  L]  edges  of  iodine  An  attempt  is  made  to  discuss  the  origin  of  this  fact  in  Section  4. 

3.  MEDIUM  RANGE  ORDER 

Before  presenting  and  discussing  neutron  and  X-ray  diffraction  measurements  on  glasses, 
it  is  useful  to  remember  the  fundamental  studies  of  Krogh-Moe,  who  succeeded  in  crystal- 
hsing  many  different  alkali  borate  compounds  over  a  wide  range  of  composition.  His 
attention  was  mainly  focused  on  the  determination  and  discussion  of  the  ordering  of  the 
superstructural  units,  but  it  will  be  seen  that  important  information  about  the  different 
cation  effects  can  also  be  identified. 

Follovmig  the  suggestions  of  Krogh-Moe,  the  glass  random  network  should  be  modelled 
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by  connecting  (or  disconnecting)  the  same  superstructural  units  found  in  the  crystals.  The 
most  simple  way  is  to  arrange  exactly  the  same  superstructural  units  as  determined  by  X-ray 
diffraction  for  a  crystal  having  the  right  composition.  However,  this  procedure  is  complicated 
for  three  reasons:  (1)  there  are  several  ways  in  which  the  borate  anion  groups  may  polymerise 
for  a  given  chemical  composition  (e.g.  Na20.iB203  has  three  different  crystalline  triborate 
phases);  (2)  for  a  given  stoichiometry,  the  structure  of  crystals  may  be  strongly  different  when 
the  cation  is  changed  (e.g.  Na20.2B203  is  very  different  from  Li20.2B203  such  that  the  dibo¬ 
rate  group  is  not  even  present)  and  (3)  the  same  long  but  quite  flexible  chain  of  superstructural 
units  may  be  present  in  crystals  with  very  different  composition  (for  example  the  triborate- 
pentaborate  sequence  can  be  found  in  both  sodium  diborate  and  silver  tetraborate).  Another 
important  consideration  can  help  us  in  modelling  the  glass  (or,  perhaps,  a  part  of  it):  the 
alkali  borate  crystals  usually  contain  two  identical  interpenetrating  boron-oxygen  networks. 
The  whole  crystalline  structure  is  stabilised  by  the  presence  of  cations,  which  can  have  a 
different  position  and  role,  depending  on  their  covalency. 

3.1,  Analysis  of  Neutron  and  X-ray  Diffraction  Measurements 

The  experimental  studies  of  the  medium  range  order  in  alkali  borate  glasses  are  quite 
recent,  compared  to  the  hundreds  of  papers  published  in  this  field  during  at  least  thirty  years: 
at  most,  authors  were  interested  in  debating  whether  rings  are  present  or  not.  The  first  experi¬ 
mental  evidence  for  intermediate-range  ordering  in  superionic  borate  glasses  was  found  in  1989 
by  Boqesson  et  al  [10]  from  neutron  diffraction  measurements  on  (AgI)x(Ag20.2B203)i_x:  the 
main  result  was  the  presence  of  a  strong  diffraction  peak  at  an  anomalously-low-value  of  the 
scattering  vector;  Q,  of  0-8  ,  which  is  shown  only  in  the  Agl-rich  glasses  and  indicates  a 

structural  correlation  length  of  about  8  A.  The  presence  of  this  first  sharp  diffraction  peak 
(FSDP)  was  attributed  either  to  the  formation  of  Agl  clusters  or  to  voids  within  the  boron- 
oxygen  network.  Subsequently,  other  neutron  experiments  have  been  performed  on  borate 
glasses  containing  Li,  Na  and  Ag  [1 1],  and  the  present  authors  have  performed  X-ray  diffrac¬ 
tion  measurements  on  silver  borate  glasses  [12].  This  set  of  complementary  data  allows  some 
models  to  be  proposed  for  the  MRO  in  borate  glasses  [4,12]. 

The  work  is  being  performed  in  collaboration  with  L.  Cervinka  (Academy  of  Sciences, 
Prague).  Starting  from  simple  structural  models  for  the  glass  network,  scattering  curves 
can  be  directly  calculated  (for  comparison  with  the  X-ray  or  neutron  experiments)  by  using 
the  classical  Debye  formula  [13].  This  equation  gives  the  average  scattered  intensity  for  an 
array  of  atoms  or  identical  objects  (i.e.  superstructural  units)  with  a  completely  random 
orientation  in  space.  Of  course,  the  modelling  must  use  a  small  number  of  atoms  and  does 
not  allow  the  averaging  of  slightly  distorted  objects,  but  it  is  very  powerful  in  understand¬ 
ing  the  main  features  of  diffraction  experiments  on  amorphous  materials. 

The  starting  models  for  our  calculations  were  the  IRO  units  identified  in  the  Li  diborate 
[14]  and  Ag  tetraborate  crystals  [1 5]  (unfortunately  the  crystalline  structure  of  Ag-diborate  is 
not  known).  Comparing  the  diffraction  experiments  on  Li-  and  Ag-diborate  glasses  it  is 
evident  that  these  isostoichiometric  compounds  have  a  completely  different  ordering  of  the 
BO3  and  BO4  basic  units:  the  MRO  structure  of  Li  diborate  glass  does  not  involve  large  units 
such  as  diborate,  triborate  and  pentaborate,  while  the  Ag  diborate  glass  can  be  modelled  on 
the  basis  of  chains  of  superstructural  units,  ordered  at  a  well-identified  mutual  separation. 
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The  Li  glass  can  be  modelled  by  a  simple  random  network  composed  of  small  BO3 
and  BO4  basic  units.  However,  the  trigonal  and  tetrahedral  units  preserve  MRO  at  two 
characteristic  periodicities,  4*5  A  and  4  A  respectively,  as  shown  by  the  relatively  large 
neutron  scattering  peak  at  1-5  A"^  This  conclusion  does  not  imply  that  bigger  units  are 
absent  in  the  Li  diborate  glass  but  simply  that,  if  present,  they  are  randomly  dispersed 
and  do  not  contribute  to  the  MRO, 

The  analysis  of  the  data  for  the  (Ag20.«B203)  glasses  («=2,4,8)  has  been  improved  by 
complementary  X-ray  studies  because  of  the  higher  sensitivity  to  silver  electron  density.  The 
glasses  with«=2  show  the  presence  of  a  periodicity  of  about  6  A,  vdiich  is  responsible  for  the 
first  main  peak  in  neutron  scattering  data.  This  feature  can  be  modelled  quite  well  by  an 
ordering  at  a  distance  of  6  A,  arising  from  long  chains  composed  of  two  or  three  diborate 
units  and/or  of  a  succession  of  triborate  and  pentaborate-like  units  [1 1-12].  The  silver  atoms 
are  attached  to  these  chains  by  short  bonds  (1  •8-2*  1  A),  but  they  are  also  mutually  correlated 
at  a  characteristic  distance  3.30  A.  At  lower  silver  content,  the  characteristic  Ag-Ag  distance 
increases  to  3-75  A  for  the  octaborate,  accompanied  by  a  decreasing  importance  of  the  dif¬ 
fraction  peak  corresponding  to  the  periodicity  of  6  A.  In  fact,  the  MRO  for  the  silver  octaborate 
glass  is  very  similar  to  that  for  the  Li  diborate  glass.  It  may  thus  be  concluded  that  silver  is 
pla}dng  an  important  role  in  the  stabilisation  of  long  chains  of  superstructural  units  in  the 
glasses,  and  in  their  relative  ordering  at  medium  range  distances. 

The  incorporation  of  Agl  into  the  diborate  glasses  results  in  an  expansion  of  the  charac¬ 
teristic  glass  network  distance,  in  order  to  accommodate  a  high  quantity  of  the  doping  salt: 
as  clearly  indicated  by  the  presence  of  the  FSDP  at  0*8  A“^  which  is  enhanced  (but  does  not 
move  significant^^)  with  increasing  Agl  content.  The  presence  of  a  different  sharp  peak  from 
that  found  for  the  (Ag20.2B203)  glass  indicates  that  the  MRO  in  the  borate  network  is  modi¬ 
fied  by  the  presence  of  Agl,  which  does  not  influence  the  short  range  units  but  does  influence 
the  ordering  of  the  IRO  chains,  as  characterised  by  a  periodicity  of  about  8  A . 

The  ordering  which  is  characteristic  of  the  Ag-Ag  distance  in  the  diborate  glass,  is 
not  so  well  defined  when  Agl  is  added.  The  presence  of  Agl  in  the  “empty”  part  of  the 
borate  network  (with  defined  inter  chain  distance)  forces  a  rearrangement  of  the  Ag-Ag 
mutual  ordering,  while  the  characteristic  8  A  distance  between  borate  cages  determines 
the  upper  limit  for  the  dimension  of  a  hypothetical  cluster  of  Agl.  This  is  a  very  small 
dimension:  the  space  is  restricted  and  the  rigidity  of  the  chain  is  so  great  that  Agl  cannot 
grow  as  it  does  in  the  crystal  but,  during  the  cooling  process  from  the  melt,  is  only  able  to 
maintain  the  short  range  order. 

4.  THE  LOCAL  ORDER  AROUND  SILVER 

The  modelling  of  the  IRO  and  MRO  structure  presented  previously  was  achieved 
by  using  information  from  crystalline  Ag-tetraborate,  Li-diborate  and,  more  recently, 
from  Ag-metaborate  [16]  and  Ag-orthoborate  [17].  Hence  it  is  now  useful  to  discuss 
the  local  coordination  of  silver  in  crystalline  materials. 

Silver  tetraborate  [15]  is  composed  of  two  separate,  identical,  three-dimensional,  in¬ 
terlocking  networks  each  one  comprising  triborate  and  pentaborate  groups.  There  are 
two  different  sites  for  silver,  Ag(l)  and  Ag(2),  characterised  by  a  wide  spread  of  dis¬ 
tances.  However,  it  is  possible  to  identify  the  nearest  Ag— O  bonds.  Ag(l)  is  coordinated 
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by  three  oxygen  atoms  in  the  same  plane,  perpendicular  to  Xhta  axis.  The  shortest  bonds 
(2-25  A  and  2-37  A)  are  quasi-linearly  bridging  to  the  oxygen  atom  connecting  different 
pentaborate  units  and  to  an  oxygen  belonging  to  a  different  IRO  unit.  Ag(l)  is  thus 
contributing  to  the  mutual  alignment  of  the  IRO  units  of  the  chain,  but  only  in  the  cb 
plane.  The  shortest  Ag(2)  bonds  (2-39  A,  243  A  and  246  A)  are  more  randomly  distrib¬ 
uted.  The  crystal  contains  big  holes^  with  all  the  silver  atoms  on  their  surface. 

Silver  metaborate  [16]  contains  infinite  parallel  chains  of  comer  sharing  tetrahedra,  with 
the  other  comer-oxygens  linked  by  a  triangular  unit  to  a  similar  oxygen  of  the  nearest  tetra¬ 
hedron.  The  chains  are  aligned  along  the  b  axis,  in  thin  layers  (perpendicular  to  the  c  direc¬ 
tion)  composed  of  very  close  independent  chains.  One  half  of  the  NBO  vertices  of  the 
triangular  units  of  the  closest  chains  are  pointing  along  the  c  direction,  towards  the  interior 
of  the  layer;  the  others  are  quasi  parallel  to  the  ac  plane  aligned  at  the  external  sides  of  the 
layer.  Five  different  sites  have  been  characterised  for  silver  in  this  very  ordered  stmcture:  the 
shortest  Ag-0  bond  (2*  1 5  A)  corresponds  to  a  silver  atom  situated  between  the  closest  chains, 
coordinated  by  the  nonbridging  oxygen  of  a  triangular  unit  and  very  near  to  an  opposite 
tetrahedron  face.  In  the  same  internal  region  of  the  layer  there  is  a  sDver  atom  which  is 
linearly  coordinated  by  two  oxygens  at  a  distance  of  2T6  A:  these  oxygens  are  at  the  comers 
of  tetrahedra  linked  ^  triangular  units.  The  third  short  Ag-O  distance  (2*  1 8  A)  is  related  to 
a  silver  atom  which  is  in  the  larger  region  outside  the  layers:  it  is  trigonally  coordinated  (the 
other  Ag-O  distances  are  longer  than  2-7  A)  and  seems  to  be  responsible  for  determining  the 
intra-layer  distance. 

Crystalline  silver  orthoborate  is  very  different  in  that  it  contains  only  isolated  trigonal  BO3 
units  tying  parallel  to  the  ab  plane,  and  Ag/0  chains  as  stmcture-building  elements.  The  two 
shortest  Ag-O  bonds  are  non-linear,  but  still  quite  short  (2*  12  A). 

These  crystals  are  very  interesting  because  they  contain  silver  atoms  with  short  intera¬ 
tomic  distances,  characterised  by  low  coordination  numbers  and  in  some  cases  by  linear 
bonding.  The  covalent  character  of  the  Ag-O  bond  shown  by  our  XAS  studies  is  confirmed 
by  the  ability  of  Ag  to  stabilise  the  stmcture  and  the  relative  ordering  of  the  IRO  borate 
chains.  The  rigidity  of  the  glass  network  is  probably  due  to  the  ability  of  silver  to  form  short 
linear  bonds,  which  also  explains  the  low  DW  factor  for  the  Ag-O  interaction,  as  measured 
by  EXAFS  experiments. 

It  has  already  been  pointed  out  that  the  rigidity  of  the  borate  chains  and  their  arrange¬ 
ment  with  a  well-defined  characteristic  distance  prevents  an  ordering  of  the  Agl  as  in  c-Agl. 
When  the  Agl  content  is  increased  too  much,  the  melt  quenched  glass  contains  large  particles 
of  p-AgI,  but  the  ionic  conductivity  greatly  decreases.  Conversely,  it  has  recently  been  shown 
that,  by  the  fast  roller  quenching  technique  and  in  a  quite  narrow  composition  range,  it  is 
possible  to  stabilise  the  superionic  conducting  a-phase  of  Agl  in  silver  borate  glasses  at  room 
temperature  [18-19],  thus  obtaining  an  enhancement  of  the  ionic  conductivity.  The  micro- 
stmcture  of  the  a- Agl  frozen  composite  is  characterised  by  discrete  small  particles  of  Agl, 
homogeneously  dispersed  in  the  glass  matrix,  having  a  typical  size  in  the  range  20-40  nm.  It 
is  very  interesting  to  note  that  when  p-AgI  is  obtained  instead  of  a- Agl,  the  crystalline  phase 
grows  to  a  much  larger  dimension  [20].  The  authors  consider  this  to  be  a  further  evidence  of 
the  strong  interaction  between  the  silver  borate  network  and  the  Agl  arrangement:  in  the  fast 
ion  conducting  compounds  (either  glassy  or  containing  a- Agl),  the  viscosity  of  the  melt  and 
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the  rigidity  of  the  IRO  armngement  can  prevent  the  normal  ordering  of  AgL  For  glasses,  the 
quench  rate  is  not  so  fast  and  a  disordered  Agl  configuration  is  obtained  on  a  very  small 
scale  for  Agl  while,  for  more  rapidly  quenched  materials,  both  during  the  fast  cooling  process 
and  in  the  resulting  composite,  the  superionic  phase  of  Agl  is  stabilised  on  a  relatively  larger 
scale  because  the  transformation  to  the  normal  p-phase  is  stopped  by  the  stress  imposed  by 
the  rigidity  of  the  silver  borate  network, 

5.  CONCLUSIONS 

The  short  range  structure  around  modifier  alkali  ions  in  borate  glasses  has  been  gener¬ 
ally  understood  in  terms  of  a  random  insertion  of  the  alkali  ions  in  the  free  space  of  the 
glass  network.  This  should  result  in  a  first  coordination  shell  having  a  high  mean  coordina¬ 
tion  number  and  a  broad  distribution  of  distances. 

This  paper  shows  that  the  local  structure  of  silver  ions  can  be  better  described  taking 
into  account  the  shortest  Ag-O  bonds,  characterised  by  a  low  coordination  number  and 
in  many  cases  by  a  quasi-linear  two-fold  coordination,  similar  to  c-Ag20. 

The  covalent  character  of  the  Ag-O  bond  strongly  influences  the  resulting  properties  of 
the  glass,  increases  the  rigidity  of  the  network  and  can  explain  the  ability  of  silver  borate 
glasses  to  accommodate  a  high  quantity  of  Agl  thus  increasing  a  lot  the  ion  conductivity 
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A  vibrational  spectroscopic  study  of  xAg20.(l-x)B203  glasses  has  been  per¬ 
formed  to  investigate  the  short-  and  medium-range  structure  and  the  nature 
of  Ag-O  bonding  as  a  function  of  Ag20  content.  The  results  indicate  that 
the  effect  of  silver  oxide  on  the  short-range  structure  is  similar  to  that  of 
alkali  metal  oxides,  and  in  particular  Li20,  The  rate  of  conversion  of  B03 
triangles  into  B04  tetrahedra  (0=bridging  oxygen  atom)  follows  the  x/(l-x) 
law  up  to  ca  x=0-25,  and  then  it  deviates  at  higher  values  of  x  because  of  the 
formation  of  non-bridging  oxygen-containing  B02O“ triangles.  Boroxol  rings 
and  other  borate  arrangements  such  as,  penta-,  tri-  and  di-borate  groups, 
were  also  identified  in  Ag-borate  glasses  with  increasing  Ag20  content.  The 
analysis  of  the  far  infrared  spectra  suggests  an  inhomogeneous  distribution 
of  Ag^  ions  in  the  glass  matrix.  Silver  ions  in  Ag-poor  regions  behave  as 
pseudo-alkalis  and  their  interactions  with  the  network  sites  are  predomi¬ 
nantly  ionic,  while  ions  occupying  sites  in  the  Ag-rich  regions  are  character¬ 
ised  by  a  considerable  degree  of  covalency  in  the  Ag~0  bonding. 


1.  INTRODUCTION 

Borate  glasses  have  attracted  the  interest  of  numerous  investigators  during 
the  last  thirty  years.  Considerable  effort  has  been  directed  towards  the  elucida¬ 
tion  of  glass  structure  and  its  dependence  on  the  content  and  type  of  alkali 
metal  oxide,  M2O.  It  is  well  demonstrated  that  addition  of  M2O  to  B2O3  causes 
the  gradual  change  of  boron  coordination  number  from  three  to  four,  and  the 
formation  of  non-bridging  oxygen  atoms  at  higher  modification  levels  [1-3]. 
The  nature  and  relative  abundance  of  the  various  borate  arrangements  depend 
strongly  on  the  type  of  alkali  cation  [4-6].  It  is  believed  that  Ag  ions  in  borate 
glasses  play  a  role  similar  to  that  of  the  alkalis.  Indeed,  the  results  of  previous 
studies  have  shown  that  the  short-range  order  of  Ag-borate  glasses  resembles 
that  of  alkali  borates  of  the  same  metal  oxide  content  [7-13]. 

Interest  in  silver-borate  glasses,  xAg20.(l-x)B203,  has  been  renewed  lately 
because  such  compositions  can  yield  superionic  glassy  conductors  after  dop¬ 
ing  with  silver  halide  salts  [14]  .  Kamiya  et  al  [15]  proposed  on  the  basis  of 
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their  X-ray  diffraction  study  that  the  enhanced  ionic  conductivity  of  Ag-bo- 
rate  glasses  originates  from  a  clustering  of  Ag^  ions,  which  results  in  shorten¬ 
ing  of  the  jump  distance  required  for  the  migration  of  Ag'"  charge  carriers. 
Recent  molecular  dynamics  (MD)  simulations  of  the  structure  of  Ag-borates 
by  Abramo  et  al  [16,17]  showed  that  the  distribution  pattern  of  silver  ions  is 
very  sensitive  to  the  choice  of  silver  radius;  a  small  radius  (0-63  A)  leads  to 
clustering  of  Ag"^  ions,  while  the  use  of  a  larger  radius  (1  •  1  A)  in  the  simulation 
process  favours  their  homogeneous  distribution. 

Besides  their  high  ionic  conductivity,  silver  borate  glasses  exhibit  interesting 
nonlinear  optical  properties.  It  was  found  recently  that  the  third-order  suscep¬ 
tibility,  of  Ag-borates  is  much  higher  than  that  of  Cs-borates,  even  though 
Cs^  ions  have  a  larger  polarizability  than  Ag"^  ions  [18].  To  explain  such  differ¬ 
ences  it  was  proposed  that  the  Ag-O  bond  has  considerable  covalency  as  com¬ 
pared  to  the  Cs-O  bond  which  is  ionic  [18]. 

In  view  of  this  current  interest  in  silver  borate  glasses,  we  present  in  this 
paper  a  systematic  study  of  the  xAg20.(l-x)B203  (0<x<0-33)  system  by  infra¬ 
red  reflectance  and  Raman  spectroscopic  techniques.  The  purpose  of  the  work 
is  to  investigate  the  effect  of  Ag20  on  the  glass  structure  and  the  distribution 
of  Ag'^  ions,  as  well  as  on  the  nature  of  the  Ag-O  bonding. 

2.  EXPERIMENTAL 

Stoichiometric  amounts  of  reagent  grade  Ag20  and  B2O3  were  mixed  and 
melted  in  Pt  crucibles  at  1000°C  for  about  30  min.  Splat  quenching  the  melts 
between  two  polished  copper  blocks  yielded  flat  samples  with  surfaces  of  good 
quality,  which  were  used  for  spectroscopic  measurements  without  any  further 
treatment.  Clear  glasses  were  prepared  in  the  composition  range  0<x<0-33. 

Raman  spectra  were  measured  on  a  Ramanor  HG  2S  Jobin-Yvon 
spectrometer  at  90°  scattering  geometry,  employing  the  514-5  nm  line  of  a  Spec¬ 
tra  Physics  165  argon  laser  for  excitation.  Strong  fluorescence  prevented  the 
measurement  of  the  Raman  spectra  of  the  glasses  with  x>0-20.  Infrared  re¬ 
flectance  spectra  were  recorded  on  a  Fourier-transform  Bruker  IFS  113v 
spectrometer  in  the  region  30-4000  cm“^  The  absorption  coefficient  spectra 
reported  in  this  work  were  calculated  from  the  reflectivity  spectra  through  the 
Kramer s-Kronig  inversion  technique  [19]. 

3.  RESULTS  AND  DISCUSSION 

3.1.  The  Structure  of  the  Borate  Network 

3.1.1.  Mid-infrared  spectra  -  Infrared  absorption  spectra  of  silver  borate  glasses 
are  presented  in  Fig.  1.  Three  spectral  regions,  characteristic  of  vibrational 
modes  of  the  borate  network,  can  be  distinguished  in  the  mid  infrared  part  of 
the  spectra:  1200-1550  cm“^  (B-0  stretching  vibrations  of  trigonal  BO3  units), 
850-1200  cm“^  (B-0  stretching  vibrations  of  tetrahedral  BO4  units),  and  600- 
800  cm"^  (bending  vibrations  of  various  borate  segments)  [1,19].  The  most 
obvious  effect  of  the  addition  of  Ag20  to  BsOjis  the  progressive  development 
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Fig.  1.  Infrared  absorption  spectra  of  xAg20.(l-x)B203  glasses. 

of  a  complex  absorption  envelope  in  the  region  850-1200  cm"^  Glassy  B2O3 
(x=0)  which  is  known  to  consist  of  boroxol  rings  and  independent  BO3  trigonal 
units  [20]  shows  no  infrared  activity  in  this  region.  Thus,  the  increase  of  the 
relative  intensity  of  the  850-1200  cm"^  envelope  with  x  is  indicative  of  the 
progressive  transformation  of  BO3  triangles  into  BO4  tetrahedral  units.  This 
observation  suggests  that  Ag20  plays  a  role  similar  to  that  of  alkali  oxides, 
therefore  confirming  the  network  modifying  nature  of  Ag20  suggested  in 
previous  studies  [7-13]. 

Increasing  the  Ag20  content  in  the  range  0<x<0T5  results  in  the  appear¬ 
ance  of  two  bands  at  ca  930  and  1065  cm“^  while  for  higher  x  values  a  third 
band  develops  at  ca  980  cm“^  Comparison  with  the  infrared  spectra  of  alkali 
borate  glasses  and  crystals  suggests  that  the  first  two  bands  can  be  attributed 
to  B-O  stretching  vibrations  of  BO4  tetrahedra  in  pentaborate  units,  while  the 
corresponding  vibrations  of  triborate  and  diborate  groups  should  be  respon¬ 
sible  for  the  latter  feature  [19].  Hence,  the  compositional  dependence  of  the 
spectra  denotes  that  the  initially  formed  pentaborate  units  (x<0T5)  are  gradu¬ 
ally  replaced  by  triborate  and  diborate  groups.  The  presence  of  such  borate 
groups,  with  well  defined  medium-range  order,  is  in  agreement  with  the  propo¬ 
sitions  of  Krogh-Moe  [1]  and  Boulos  &  Kreidl  [8]. 

The  emerging  structural  picture  is  supported  also  by  the  composition  de¬ 
pendence  of  the  1273  cm"^  band,  which  has  been  attributed  to  the  stretching 
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Fig.  2.  (a)  Effect  of  Ag20  on  the  relative  integrated  intensity  A4/A3.  The  line  is  drawn  to 
guide  the  eye.  (b)  The  fraction  N4  calculated  through  Eq.  (1)  is  depicted  by  closed  symbola 
The  continuous  line  represents  the  theoretical  N4=x/(l-x)  behaviour.  Open  circles  represent 

NMR  data  of  Kim  &  Bray  [7]. 

vibration  of  B-O-B  linkages  characteristic  of  boroxol  rings,  pentaborate  and 
triborate  groups  [1].  The  destruction  of  pentaborate  groups  in  favour  of 
diborates  with  increasing  x  is  consistent  also  with  the  development  of  the  1351 
cm“^  feature  which  is  characteristic  of  the  latter  arrangements  [19]  (x=0-33). 
Along  the  same  lines  is  the  activity  exhibited  by  the  bending  vibrations: 
pentaborate  units  are  active  at  -710  cm"^  and  diborate  ones  at  -695  cm"^  [19]. 

The  effect  of  Ag20  on  the  short-range  structure  can  be  quantified  by  ob¬ 
taining  the  integrated  intensity  of  the  absorption  profiles:  800-1200  cm"^  (de¬ 
noted  by  A4)  and  1200-1550  cm"^  (denoted  by  A3),  which  are  characteristic  of 
BO4  tetrahedra  and  BO3  triangular  units,  respectively.  The  relative  integrated 
intensity,  A=AJA2,  was  calculated  and  is  shown  in  Fig.  2(a)  versus  Ag20  con¬ 
tent.  The  change  of  boron  coordination  from  three  to  four  with  increasing  x  is 
well  demonstrated.  As  shown  previously  [21]  the  relative  integrated  intensity 
Ar  can  be  employed  to  calculate  the  fraction  of  four-coordinated  boron  atoms, 
N4,  through  the  expression, 

N4=A,/(a+Ar)  (1) 

where  a  is  the  relative  absorption  coefficient  of  boron  tetrahedra  versus  boron 
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Fig.  3.  Raman  spectra  of  xAg20.(l-x)B203  glasses. 


triangles.  At  very  low  Ag20  contents  the  structural  modification  mechanism 
involves  mainly  the  transformation  of  boron-oxygen  triangles  into  borate 
tetrahedra,  and  thus  the  law  N4=x/(l-x)  is  obeyed.  On  these  grounds,  the 
experimental  A^  values  of  the  x=0*05  and  x=0-07  glasses  and  Eq.(l)  give  the 
average  value  a=l  -25.  With  the  assumption  that  this  value  of  a  is  independent 
of  X,  Eq.  (1)  is  employed  to  calculate  N4  using  the  infrared  data  (A^).  The 
results  are  shown  in  Fig.  2(b)  where  a  comparison  with  the  theoretical  values 
(x/(l-x))  and  the  NMR  results  of  Kim  &  Bray  [7]  is  also  made.  It  can  be  seen 
that  the  agreement  between  infrared  and  NMR  results  is  good,  both  showing 
that  the  fraction  of  four-coordinated  boron  atoms  follows  the  theoretical  curve 
very  closely  up  to  x~0-25.  The  deviations  observed  for  x>0-25  are  attributed  to 
formation  of  non-bridging  oxygen  containing  metaborate  triangles,  B02O”,  in 
general  agreement  with  the  results  of  previous  investigations  [7-13]. 

The  isomerization  process  B04"c^B02O“  is  of  special  importance  for  under¬ 
standing  the  factors  affecting  the  structure  of  alkali  borate  glasses  below  the 
metaborate  composition,  x<0-50  [22].  High  field  strength  cations  (e.g.  Li^)  fa¬ 
vour  the  formation  of  B04,  but  low  field  strength  cations  (e.g.  Cs"")  induce  a 
higher  rate  of  B02O“  creation.  Indeed,  the  N4  values  of  Li-borate  glasses  fol¬ 
low  the  theoretical  curve  up  to  ca  x=0*25,  but  increasing  deviations  were  ob¬ 
served  in  the  series  Li<Na<K<Rb<Cs  [4].  Therefore,  the  results  depicted  in 
Fig.  2(b)  suggest  that  the  effect  of  silver  ions  on  the  short-range  order  of  bo- 
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Fig.  4.  Deconvoluted  far  infrared  spectrum  of  the  0'33Ag2O.(l-x)B2O3  glass. 


rate  glasses  is  very  similar  to  that  of  lithium  ions. 

The  change  of  boron  coordination  number  from  3  to  4  enhances  the  coher¬ 
ence  of  the  borate  network  because  of  the  additional  B-0~B  crosslinks  devel¬ 
oped,  while  the  formation  of  non-bridging  oxygens  results  in  network 
depolymerisation.  These  drastic  changes  of  the  short-range  structure  are  mani¬ 
fested  in  the  composition  dependence  of  macroscopic  glass  properties,  such  as 
the  glass  transition  temperature,  Tg,  and  the  thermal  expansion  coefficient,  a. 
For  silver  borate  glasses  Tg  shows  a  maximum  at  x=0-25,  and  ot  passes  through 
a  well  defined  minimum  at  x=0-20  [8,1 1]. 

3.1.2.  Raman  spectra  -  Figure  3  shows  the  Raman  spectra  of  silver  borate 
glasses.  The  spectrum  of  glassy  B2O3  (x=0)  is  dominated  by  the  sharp  band  at 
806  cm“^  assigned  to  the  ring-breathing  vibration  of  boroxol  rings  [23].  Addition 
of  Ag20  causes  the  progressive  decrease  of  the  intensity  of  the  boroxol  band 
and  the  development  of  a  new  band  at  775  cm~\  which  dominates  eventually 
the  spectrum  of  the  x=0*20  glass.  A  similar  band  in  the  spectra  of  alkali  borate 
glasses  has  been  attributed  to  the  symmetric  ring-breathing  vibration  of  six- 
membered  rings  bearing  one  or  two  B04  tetrahedra  [22,24]. 

Increasing  x  induces  changes  in  other  regions  of  the  F^man  spectra  as  well. 
In  particular,  broad  and  asymmetric  bands  appear  at  350-550  cm"^  600-700 
cm“^,  850-1000  cm"^  and  1300-1550  cm“^  In  analogy  with  alkali  borates,  the 
bands  at  350-550  cm“^,  ca  650  cm"^  and  850-1000  cm"^  can  be  attributed  to  the 
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Fig.  5.  Cation  motion  frequencies  (Vh,  vJ  versus  me where  me  is  the  metal  ion  mass,  for 
silver-  and  alkali-diborate  glasses  (x=0'33).  Lines  are  least  square  fittings  to  the  alkali 
vibration  frequencies.  Error  bars  are  of  the  size  of  symbols. 


vibrations  of  borate  tetrahedra  containing  borate  groups,  i.e.  pentaborate,  and 
triborate  groups.  The  1300-1550  cm"^  band  envelope  changes  in  shape  and  in¬ 
creases  in  relative  intensity  with  x.  Bands  in  this  high-frequency  region  have 
been  assigned  to  the  localised  stretching  vibrations  of  terminal  B-0“  bonds  of 
metaborate  triangles,  B02O‘  [22].  As  shown  in  Fig.  3,  the  1300-1550  cm"^  enve¬ 
lope  can  be  observed  already  at  x=0T0  but  attains  considerable  relative  inten¬ 
sity  for  x<0.15,  indicating  an  increasing  rate  of  formation  of  non-bridging 
oxygens.  At  the  moment,  it  is  difficult  to  quantify  this  effect  because  the  corre¬ 
sponding  Raman  cross  section  is  not  known.  The  Raman  results  presented  in 
this  section  are  in  reasonable  agreement  with  the  trends  observed  in  the  corre¬ 
sponding  infrared  spectra. 

3.2.  Far  Infrared  Spectra  and  the  Nature  of  the  Ag-O  Bond 

The  nature  and  distribution  of  anionic  sites  hosting  Ag"^  ions  can  be  re¬ 
vealed  from  the  study  of  the  far  infrared  spectra.  It  is  seen  in  Fig.  1  that  the  far 
infrared  region  is  characterised  by  the  presence  of  a  weak  feature,  whose  inten¬ 
sity  and  frequency  are  increasing  with  Ag20  content.  This  band  is  attributed 
to  the  rattling  motion  of  Ag^  ions  against  their  network  sites  [25]. 

A  typical  far  infrared  spectrum  is  shown  in  Fig.  4  in  an  expanded  frequency 
and  intensity  scale.  The  pronounced  low  frequency  asymmetry  of  the  Ag^ 
motion  band  can  be  described  well  by  two  Gaussian  components,  using  the 
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Fig.  6.  Dependence  of  Vh  and  vion  R=x/(l-x)  in  xAg20.(l-x)B203  glasses.  The  lines  are 
least  squares  fittings.  Error  bars  are  of  the  size  of  symbols. 

deconvolution  procedure  applied  previously  to  binary  and  ternary  glasses 
[19,25-27].  The  two  weaker  components  which  describe  absorption  between 
200-350  cm"^  can  be  assigned  to  borate  network  modes  [27].  The  two  far  infra¬ 
red  components,  with  frequencies  designated  by  Vh  and  Vl,  are  attributed  to 
vibrations  of  Ag"^  ions  in  two  distributions  of  anionic  site  environments.  It  is 
of  interest  to  note  that  the  far-infrared  spectra  of  silver  borates  could  be  de¬ 
scribed  always  by  two  Ag-ion  motion  components,  despite  the  continuous  vari¬ 
ation  of  the  short-  and  medium-range  structure  induced  by  Ag20  addition. 
The  existence  of  two  different  distributions  of  Ag"^  sites  can  originate  from  the 
inhomogeneous  dispersion  of  Ag^  ions  in  the  glass  matrix,  that  may  result  in 
Ag-rich  and  Ag-poor  regions,  as  suggested  by  Kamiya  et  al  [15]. 

The  Ag^  motion  frequencies  (Vh,  Vl)  for  the  x=0'33  glass  (diborate  composi¬ 
tion),  and  the  corresponding  frequencies  of  alkali  ions  in  diborate  glasses  [27] 
are  plotted  in  Fig.  5  versus  where  m^  is  the  metal  ion  mass.  The  silver 
motion  frequencies  are  excluded  from  the  linear  least  square  fits  shown  in  this 
figure.  It  can  be  seen  that  the  Ag^  ions  giving  rise  to  frequency  Vl  behave  as 
pseudo-alkalis,  in  contrast  to  those  vibrating  at  frequency  Vh.  Clearly  VnCAg'*') 
is  ca  30%  higher  than  the  Vh  frequency  of  an  alkali-like  ion  with  the  mass  of 
silver.  The  Ag-  and  alkali-motion  frequencies  in  borate  sites  were  compared 
for  various  other  metal  oxide  contents  (x)  and  found  to  exhibit  trends  very 
similar  to  those  in  Fig.  5.  We  interpret  these  results  as  suggesting  that  Ag  ions 
vibrating  with  frequencies  Vl  interact  with  their  sites  ionically,  while  those  giv- 
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ing  rise  to  Vh  are  characterised  by  Ag-O  bonding  with  considerable  covalency. 
These  findings  lend  support  to  the  proposition  of  Tarashima  and  co-workers 
discussed  in  the  introduction  [18], 

Figure  6  displays  the  silver  ion  frequencies  squared  (Vh^  vi)  as  a  function  of 
the  structural  parameter  R=  x/(l“x),  which  represents  the  average  formal  nega¬ 
tive  charge  per  boron-oxygen  polyhedron.  The  observed  linear  increase  of  v  h 
and  vi  with  R  can  result  from  the  creation  of  network  sites  with  increasing 
anionic  charge  density,  and/or  from  the  progressive  decrease  of  the  Ag-0  bond 
distance  [28].  Both  effects  point  to  the  increasing  co valency  in  the  Ag-O  inter¬ 
actions  as  the  content  of  glass  in  silver  oxide  increases. 

4.  CONCLUSIONS 

The  analysis  of  the  mid-infrared  and  Raman  spectra  of  silver  borate  glasses 
has  demonstrated  the  modifying  role  of  Ag20  on  the  glass  structure.  Thus, 
boroxol  rings  are  progressively  destroyed  in  favour  of  B04-containing  six- 
membered  rings,  resulting  in  the  change  of  boron  coordination  number  from  3 
to  4.  The  fraction  of  four-coordinated  boron  atoms,  N4,  was  found  to  follow 
the  theoretical  values,  x/(l-x),  for  compositions  in  the  range  0<x<0*25.  For 
glasses  with  higher  silver  oxide  contents,  both  infrared  and  Raman  spectra 
showed  the  creation  of  borate  groups  containing  non-bridging  oxygens. 

The  broad  and  asymmetric  far  infrared  profiles  in  the  range  of  Ag"^  ion  motion 
were  deconvoluted  by  two  Gaussian  bands  having  frequencies  (Vh,  vJ  and  intensities 
which  increase  with  x.  These  bands  were  assigned  to  vibrations  of  Ag"^  cations  in 
two  different  distributions  of  network  sites,  suggesting  the  inhomogeneous  disper¬ 
sion  of  silver  ions  in  the  glass  matrix.  Ag^  cations  vibrating  in  their  sites  with 
frequency  Vh  exhibit  covalent  character  in  their  Ag-O  interactions. 
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The  early  history  of  boron  and  its  first  use  in  glass  including  optical, 
Pyrex  low  expansion,  fiberglass,  and  enamel  and  ceramic  glaze  are  reviewed. 
Glass  as  a  science  began  in  the  19"^  century,  starting  with  Faraday  and  fol¬ 
lowed  by  the  classic  work  of  Schott  and  Abbe  in  optical  glass.  These  studies 
led  to  the  first  practical,  durable,  and  at  the  same  time  low  expansion  boro- 
silicate  type  glasses.  Borate  was  instrumental  in  the  commercialization  of 
both  insulation  and  textile  fibers,  leading  to  the  largest  single  commercial 
use  of  B2O3  today.  The  most  important  properties  that  B2O3  brings  to  glass 
making  and  finished  glass  products  are  considered. 


1.  EARLY  HISTORY  OF  B2O3 

It  is  often  assumed  that  the  well-known  use  today  of  B2O3  in  glass,  enamels, 
and  ceramic  glazes  was  also  known  to  the  older  civilizations  which  developed 
these  arts.  Just  how  long  borax  has  been  used  by  man  is  a  question  unlikely  to 
be  resolved.  According  to  legend,  the  Babylonians  brought  borax  from  the  Far 
East  more  than  four  thousand  years  ago  to  be  used  by  the  goldsmiths,  and 
writings  have  frequently  cited  the  ancient  Egyptians  as  users  of  borax  in  met¬ 
allurgy,  medicine  and  mummification,  but  none  of  this  has  been  substantiated. 
The  nitron  Baurak  of  the  Greeks,  the  borith  of  the  Hebrews,  the  baurack  of  the 
Arabians,  the  boreck  of  the  Persians,  the  burack  of  the  Turks,  the  borax  of  the 
Romans,  all  might  appear  to  express  one  and  the  same  substance,  the  borate  of 
soda.  However,  there  is  little  evidence  to  support  when  or  whether  these  names 
described  the  substance  we  know  as  borax  today.  These  words  from  which  the 
name  borax  is  derived  are  varying  transliterations  of  the  Arabic  word  meaning 
to  glitter  or  shine  [1]. 

In  The  Tincal  Trail  [1],  Norman  Travis  and  John  Cocks  consider  writings  in 
ancient  texts  of  minerals  that  appear  to  be  associated  with  borax,  but  conclude 
that  the  writers  were  really  referring  to  ores  other  than  borates,  most  com¬ 
monly  to  soda  ash  or  trona.  Nevertheless,  it  has  been  speculated  that  authentic 
borax  was  known  to  and  used  by  craftsmen,  scholars,  and  alchemists  of  the 
great  Islamic  civilization  sometime  before  800  AD,  though  its  source  is  uncer¬ 
tain.  Also  it  is  possible  that  Harun-al-Rashid’s  traders  took  borate  to  China 
during  the  latter  part  of  the  T’ang  dynasty  (618-907  AD).  However,  it  wasn’t 
until  sometime  in  the  Middle  Ages  that  borax  from  the  remote  regions  of  Ti- 
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bet  was  regularly  imported  into  Europe.  It  was  costly,  and  this  limited  it  prin¬ 
cipally  to  the  precious-metal  trade.  Gold-  and  silversmiths  and  jewelers  used  it 
as  a  soldering  agent  and  in  the  refining  of  metals  and  assaying  of  ores.  In  these 
times,  the  quantities  used  were  small,  being  traded  as  an  exotic  commodity  in 
the  same  category  as  spices.  Its  method  of  production  was  guarded  as  a  secret, 
and  its  source  remained  a  mystery  until  well  into  the  second  half  of  the  eight¬ 
eenth  century. 

2.  EARLY  fflSTORY  OF  B2O3  IN  GLASS 

By  the  1500’s  glass  making  was  widely  practiced  in  Northern  Europe,  how¬ 
ever  there  are  no  references  to  the  use  of  borax.  In  trying  to  fix  the  first  use  of 
borax  as  well  as  its  first  use  in  glass,  it  needs  to  be  remembered  that,  prior  to 
the  nineteenth  century,  many  of  the  accounts  of  glass  and  allied  technology 
were  written  by  scholars  and  observers  who  were  not  themselves  involved  in 
the  art.  The  secrets  were  passed  on  by  word  of  mouth  and  practical  instruc¬ 
tion,  and  those  who  knew  most  were  not  given  to  writing  for  the  benefit  of 
others  [1]. 

To  date  there  is  no  analytical  evidence  to  support  early  use  of  borate  in 
glass.  The  earliest  reference  to  borosilicate  glass  was  in  China,  1225,  in  which 
Zhao  Ru-kuo  described  the  maritime  trade  of  his  homeland  in  the  time  of  the 
Sung  dynasty  (960  to  1279  AD)  reporting  about  the  glass  making  of  the  Arabs 
and  others  [2]:  “borax  is  added  so  that  the  glass  endures  the  most  severe  ther¬ 
mal  extremes  and  will  not  crack.”  The  earliest  European  mention  of  borax  in 
glass  occurs  in  a  German  work  by  Johann  Kunckel  in  1679,  which  includes 
borax  in  the  description  of  several  glass  compositions  used  for  making  artifi¬ 
cial  precious  stones  [3]. 

It  seems  unlikely  that  borax  was  in  use  in  the  glass  industry  in  Europe  until 
well  into  the  eighteenth  century  and  then  in  a  very  limited  way.  Johann  Cramer 
in  1739  in  Germany  recommended  for  crystal  glass  3  parts  of  prepared  flints 
(silica),  1  part  of  the  purest  alkaline  salt  (potash),  and  1  part  burnt  borace  (bo¬ 
rax)  [4].  In  1758  Robert  Dossie  reported  that  the  best  looking-glass  plates  were 
ones  containing  56%  white  sand,  23-5%  pearl  ashes  (potash),  14%  saltpetei;  and 
6*5%  borax — ^he  also  notes  that  borax  helps  glass  to  receive  certain  colors  [5]. 

3.  EARLY  USE  OF  B2O3  IN  ENAMEL  AND  CERAMIC  GLAZE 

The  art  of  enameling  began  to  take  definite  form  in  the  early  Byzantine  era, 
but  in  spite  of  the  important  role  which  borax  played  later  it  seems  it  was  not 
used  in  enamel  frits  applied  to  metals  until  the  middle  of  the  eighteenth  cen¬ 
tury.  The  early  borate-containing  frits  were  colored  ground  glass  used  almost 
entirely  for  decorative  purposes,  and  then  in  small  quantities.  But  the  main 
increase  in  the  use  of  borax  in  enamel-work  did  not  come  about  until  the 
enameling  of  iron  created  a  new  industry  in  the  nineteenth  century  [1]. 

Enamel  was  first  applied  to  sheet  iron  and  steel  in  Austria  and  Germany 
about  1850.  Cast-iron  shapes  such  as  cooking  pots  were  heated  in  furnaces, 
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and  enamel  frit  was  dusted  onto  the  metal  as  a  dry  powder  which  melted  and 
stuck  to  the  iron.  The  article  was  then  returned  to  the  furnace  and  the  enamel 
melted  to  a  smooth  glaze,  other  coats  of  enamel  being  added  later.  The  enamel 
had  to  be  easily  fusible,  and  borax  became  an  important  ingredient.  By  the  end 
of  the  century,  a  worldwide  trade  had  developed  in  all  kinds  of  household 
goods  such  as  dishes,  bowls,  buckets,  bathtubs,  as  well  as  durable  advertise¬ 
ment  displays,  street  names  and  signs  of  all  kinds.  A  highly  technical  frit  indus¬ 
try,  working  closely  with  iron  and  steel  fabricators,  evolved  and  the  improved 
quality  of  borax,  soda  ash,  and  other  raw  materials  enabled  rapid  progress  to 
be  made.  By  the  start  of  the  twentieth  century,  enamel  frit  was  the  largest 
single  use  of  borax  [  1  ] . 

Allied  to  enameling  is  the  glazing  and  decoration  of  porcelain,  pottery  and 
ceramics.  The  history  of  glazes,  starting  with  the  ancient  Egyptian,  Chinese, 
Babylonian  and  Greek  civilizations,  is  lengthy  and  complex.  The  earliest  evi¬ 
dence  of  B2O3  use  was  in  China  during  the  Liao  dynasty  (916  to  1 125  AD)  in 
recently  discovered  green  glazed  shards:  55%  Si02,  6%  AI2O3,  13%  B2O3,  10% 
Na20,  1%  K2O,  6%  CaO,  2%  MgO,  6%  CuO,  0*5%  PbO  [6].  The  next  earliest 
reference  skips  ahead  to  the  reign  of  Kangxi  (1662  to  1722)  in  China,  where 
B2O3  was  discovered  in  opaque  porcelain  enamel  glaze,  and  to  Japan  in  the 
year  1699  [7].  Earlier,  the  Chinese  had  relied  on  lime  and  potash  for  good- 
quality  glazes.  From  the  middle  of  the  nineteenth  century,  developments  in 
enamelware,  pottery,  and  china  saw  a  rapid  increase  in  demand  for  borate.  This 
coincided  with  the  increasing  availability  of  boric  acid  from  Italy  and  a  sub¬ 
stantial  reduction  in  price,  which  enabled  it  to  be  used  in  entirely  new  applica¬ 
tions.  A  typical  glaze  on  Staffordshire  earthenware  or  soft  porcelain  often 
contained  between  12  and  25%  of  borax  [1]. 

As  for  ceramic  glazes,  B2O3  is  unique  in  that  it  acts  simultaneously  as  a  glass 
former,  as  a  flux,  and  as  a  viscosity  stabilizer  by  preventing  the  glaze  from 
running  too  much  as  it  is  fired.  Perhaps  most  important  of  all,  B2O3  reduces 
the  thermal  expansion  of  the  glaze  so  it  can  be  properly  matched  to  the  ce¬ 
ramic  body  and  thus  prevent  crazing.  At  the  same  time,  it  improves  aqueous 
and  chemical  durability  while  adding  to  the  brilliance  of  the  glaze. 

4.  BEGINNING  OF  GLASS  AS  A  SCIENCE 

In  the  19*  century,  optical  glass  played  an  important  role  in  the  develop¬ 
ment  of  all  types  of  glasses.  The  needs  of  optical  glass  to  be  sufficiently  perfect 
to  meet  the  exacting  requirements  of  optical  instruments  contributed  enor¬ 
mously  to  advances  in  the  knowledge  of  glass  technology.  In  1824,  Michael 
Faraday  was  commissioned  by  the  Royal  Society  to  carry  out  an  experimental 
program  to  improve  optical  glasses  [8].  Little  of  significance  resulted  from  sev¬ 
eral  years’  work,  but  he  did  develop  a  lead  borate  glass  of  remarkably  high 
refractive  index  containing  20%  boric  oxide,  70%  lead  oxide,  and  10%  silica, 
known  as  Faraday’s  heavy  glass,  but  it  was  not  durable  enough  to  have  any 
practical  use  in  optical  work.  However,  many  years  later  in  1845  its  presence  in 
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Faraday’s  laboratory  was  a  direct  factor  in  his  well-known  discovery  that  a 
magnetic  field  could  cause  plane  polarized  light  to  rotate,  known  today  as  the 
magneto-optical  effect  or  “Faraday  effect”.  Woric  in  England  by  William  Vernon 
Harcourt,  starting  in  1834  and  later  with  Sir  George  Stokes,  was  carried  out  to 
correlate  glass  physical  properties  by  varying  the  glass  composition,  but  with¬ 
out  any  commercial  success.  Maes  in  France  in  the  year  1851  reported  the  first 
attempts  at  industrial  scale  production  of  a  borosilicate  glass,  however  melting 
control  and  equipment  were  inadequate.  His  glass  comprised  56%  Si02,  7% 
B2O3,  17%  K2O,  2%  CaO,  14%  ZnO,  and  4%  PbO  [9]. 

An  understanding  of  the  way  in  which  B2O3  could  enhance  the  quality  and 
performance  of  glass  first  bepn  when  Otto  Schott  persuaded  Ernst  Abbe  from 
the  University  of  Jena  to  join  him  and  Carl  Zeiss  in  forming  the  Jena  Glass¬ 
works  of  Schott  and  Sons  in  Germany  in  1884  [2].  Up  to  this  time,  there  were 
only  six  elements  commonly  used  in  glass,  Si,  O,  Na,  K,  Ca,  and  Pb—all  others 
were  normally  only  present  in  minor  amounts  and  usually  only  as  impurities. 
Schott  and  Abbe  systematically  investigated  the  introduction  of  a  wide  range 
of  chemical  elements  into  glass  compositions.  From  this  work  they  found  that, 
in  the  visible  spectrum,  glass  containing  B2O3  affected  short  wavelength  disper¬ 
sion  so  that  it  became  a  valuable  constituent  of  optical  glasses. 

Schott  and  Abbe  succeeded  where  others  had  failed  in  improving  the  optical 
properties  of  glass,  and  at  the  same  time  increasing  its  resistance  to  water  and 
chemical  attack.  They  also  discovered  that  glasses  containing  B2O3  could  be 
formulated  which  would  withstand  sudden  changes  in  temperature,  and  from 
1892  onward  they  manufactured  many  products  based  on  borosilicate  glasses 
[1].  They  invented  a  group  of  borosilicate  glasses  that  was  commercialized  in 
1917  under  the  name  of  “Jena  Apparatus  Glass”.  This  glass  was  resistant  to 
thermal  shock,  but  still  the  glassware  had  to  be  made  fairly  thin-walled  in  or¬ 
der  to  be  suitable  for  the  chemical  laboratory.  By  lowering  the  alkali  content 


Table  1 

Early  Low  Expansion  Glass  [10] 


Jena  Apparatus  Glass  1917 

Jena  Supremax 

Pyrex  1915 

Si02 

64.3 

56.0-54.3 

81.0 

A1.O3 

6.3 

20.0-21.0 

3.0 

B2O3 

10.3 

9.0-7.5 

11.5 

Na20 

7.4 

1.0-1.3 

4.5 

K2O 

1.0 

CaO 

5.0-15.1 

MgO 

8.0 

ZnO 

11.7 

BaO 

0.8 
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and  increasing  alumina,  another  group  of  glasses  was  developed  which  be¬ 
came  known  under  the  name  “Supremax”  glass  of  Schott  and  Genossen.  These 
early  Jena  glasses  are  shown  in  Table  1 .  In  some  cases  B2O3  was  partly  replaced 
by  P2O5.  “Duran”,  developed  sometime  during  World  War  II  and  introduced 
in  1950  by  Schott,  was  derived  from  these  early  borosilicate  glasses. 

The  first  low  expansion  borosilicate  glass  was  produced  in  the  United  States 
in  1912  for  use  by  the  railroad  in  signal  lantern  glass.  With  the  outbreak  of  war 
in  1914,  supplies  of  laboratory  glassware  from  Germany  were  no  longer  avail¬ 
able,  and  Corning  Glass  Works,  operating  in  the  United  States  since  1868, 
became  a  new  center  for  the  production  of  borosilicate  glasses.  In  1908,  they 
established  one  of  the  first  US  industrial  research  centers,  and  in  1915  Sullivan 
and  Taylor  patented  a  low  expansion  borosilicate  glass,  that  was  to  become 
known  as  “Pyrex”  that  revolutionized  laboratory  glassware  and  brought  glass 
into  the  kitchen  as  cooking- ware  [11-12],  Table  1. 

Compared  to  the  Jena  glass,  it  did  not  contain  alkaline  earth  oxides  and  its 
alumina  and  alkali  content  were  low.  This  high  silica  glass  was  a  challenge  to 
melt  due  to  its  high  viscosity,  and  initially  large  amounts  of  arsenic  and  anti¬ 
mony  oxide  were  used  to  ensure  proper  melting  and  fining.  Later,  Hood  (1936) 

[13]  found  these  oxides  could  be  replaced  by  sodium  chloride.  Laboratory  ware 
was  followed  by  battery  jars  and  the  now  familiar  heat-resistant  oven-ware  for 
domestic  use.  In  these  low  expansion  Jena  and  Pyrex  type  glasses,  the  fluxing 
action  of  boric  acid  allows  these  low  alkali  glasses  to  be  melted  and  fined  at 
commercially  feasible  temperatures  without  sacrificing  chemical  durability. 

Phase  separated  borosilicate  glasses  were  first  discovered  by  Hood  and 
Norbert  in  1934.  This  led  to  the  invention  of  a  process  for  producing  high 
silica  laboratory  ware  by  treating  a  phase  separated  B203-Si02  glass  with  acid 

[14] .  The  borate  rich  phase  was  leached  away  leaving  a  silica  rich,  96-98%  Si02, 
glass  phase  that  was  sold  under  the  name  of  “Vycor”. 

The  price  at  which  borax  and  boric  acid  was  now  available  enabled  wider 
use  in  glass  to  take  place.  By  the  end  of  the  nineteenth  century,  world  produc¬ 
tion  of  borates  was  shared  between  the  United  States,  Chile,  Peru,  and  Turkey 
as  calcium  borates,  and  Italy  as  crude  boric  acid.  After  Tibet,  boric  acid  be¬ 
came  available  from  Italy  beginning  in  1820.  The  extensive  sodium  and  cal¬ 
cium  borate  deposits  in  Turkey  were  first  mined  in  1865  [15],  and  borate  was 
first  discovered  in  the  United  States  in  California  (1856),  within  mineral  springs, 
and  later  in  Death  Valley  and  Searles  Lake  by  the  1870’s.  By  1900,  the  borax 
trade  from  Tibet  was  reduced  to  a  few  hundred  tons  a  year,  and  this  seems  to 
have  ceased  altogether  in  the  early  years  of  the  twentieth  century.  By  1910,  the 
United  States  and  Chile  were  the  main  producers  providing  85  percent  of  world 
production  [16].  After  the  discovery  of  a  massive  deposit  of  sodium  borate  in 
the  Mojave  Desert  in  California,  first  mined  in  1926,  the  United  States  domi¬ 
nated  the  world  borate  market  until  the  resources  in  Turkey  have  more  recently 
been  developed.  Today,  Turkey  and  the  United  States  are  the  major  world  sup¬ 
pliers. 
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5.  TEXTILE  OR  CONTINUOUS  FILAMENT  FIBERGLASS 

The  largest  use  of  borates  in  the  world  today  is  in  insulation  and  textile 
fiberglass  [17].  The  French  physicist  Rene  Antoine  Ferchault  de  Reaumur  (1683-- 
1757)  foresaw  that,  “if  they  succeed  in  making  glass  threads  as  fine  as  those  of 
spiders  webs,  they  will  have  glass  threads  of  which  woven  stuffs  may  be  made” 
[18].  He  also  appears  to  have  drawn  fibers  himself,  not  from  a  glass  rod,  but 
from  a  pool  of  molten  glass  straight  onto  a  rotating  wheel.  However,  this  glass 
was  no  more  than  a  novelty. 

In  1893,  Edward  Drummond  Libbey  exhibited  a  dress  made  of  glass  fiber 
and  silk  at  the  Columbian  Exhibition  in  Chicago.  At  about  the  same  time,  a 
small  workshop  in  Paris  was  making  textiles  combining  silk  or  cotton  with 
glass  fibers  and  selling  them  for  100  francs  per  meter.  While  these  were  luxury 
curiosities  not  likely  to  develop  into  a  big  market,  it  nevertheless  demonstrated 
that  glass  fibers  could  be  manufactured  and,  perhaps,  used.  Then  during  the 
First  World  War  the  Germans  developed  a  method  of  producing  glass  fibers 
based  on  single  strands  drawn  through  an  orifice.  Later,  in  the  1930’s,  a  process 
was  developed  in  the  United  States  whereby  a  continuous  filament  was  formed 
by  multiple  strands  of  glass  extruded  from  a  heated  platinum  box  or  bushing 
with  many  tiny  holes.  These  early  fibers  were  generally  made  from  soda-lime- 
silica  glass,  known  as  Type  A  glass,  having  poor  durability  (see  Table  3). 

Phase  equilibrium  relationships  in  glass  forming  systems  were  developed  in 
the  1930’s  that  led  to  compositions  suitable  for  high  temperature  electrical  insu¬ 
lation  applications  where  the  glass  must  have  both  high  electrical  resistivity  and 
low  surface  conductivity.  This  required  a  glass  low  in  alkali,  less  than  1 .0  wt%. 
Study  of  glasses  in  the  systems  Ca0-Al203-Si02  and  Ca0-Mg0-Al203-Si02  led 
to  development  of  the  first  electrical  glass  patented  as  alkali-  and  B203-free  in 
1937  (first  column  in  Table  2)  then  by  addition  of  B2O3  and  fluorine  to  a  near 
eutectic  composition  in  the  Ca0-Mg0-Al203-Si02  system.  This  was  soon  re¬ 
placed  by  a  1943  patented  composition  issued  to  Owens-Coming,  and  this  well 
chosen  composition  became  the  highly  successful  ‘original  E-Glass’  (second  col¬ 
umn  in  Table  2).  This  low  alkali  formulation  was  more  easily  processed,  and  still 
solved  the  durability  problems  lacking  in  the  earlier  Type  A  textile  glass.  Fluxing 
in  this  high  temperature  glass  depended  on  B2O3  and  F2  in  the  absence  of  alkali. 

The  E-Glass  fiber  was  quickly  adopted  into  many  other  non-electrical  rein¬ 
forcement  applications.  In  1935,  the  first  patents  appeared  covering  thermoset¬ 
ting  resins  which  cured  at  room  temperature,  e.g.  polyesters.  These,  when 
reinforced  with  E-Glass  fibers,  could  be  used  for  structural  shapes  and  gave 
rise  to  the  reinforced  plastics  industry  in  the  early  1940’s.  In  the  ensuing  years, 
a  number  of  modifications  were  made.  E-Glass  “621”  was  formulated  when  it 
was  found  that  dissolution  of  zirconium  oxide  from  the  refractories  used  at 
that  time  had  a  negative  effect  on  the  liquidus  temperature  [23].  To  circumvent 
this  problem,  all  the  MgO  was  replaced  by  CaO,  giving  a  sufficiently  low  liquidus 
temperature  to  accommodate  the  refractory  derived  zirconium  oxide  [24].  In 
more  recent  years  it  has  become  possible  to  operate  at  higher  furnace  tempera- 
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Table  2 

E-Glass  -  Continuous  Filament  Fiberglass 


Early 

E-Glass 

1940[19] 

“Original” 

E-Glass 

Schoenlaub 

1943[20] 

“816” 

Haggerty 

1979[21] 

B&F-Free 

McWilliams 

Watson 

1988[22] 

E-Glass 

Typical 

1990s 

C-Glass 

Bowes 

1943[27] 

Si02 

60 

54-0 

58-0 

59*0 

54*0 

65*0 

AI2O3 

9 

14-0 

11-0 

12*1 

14-0 

4*0 

B2O3 

10-0 

6*1 

5*5 

R2O 

1-0 

1-0 

0*9 

1-0 

8-5 

CaO 

27 

17-5 

22-5 

22*6 

23*3 

14*0 

MgO 

4 

4-5 

2-6 

3*4 

0*4 

3*0 

ZnO 

2-6 

Ti02 

2*4 

1*5 

0*5 

Fe203 

0*1 

0*2 

F7 

0-5 

0*01 

0*6 

tures  as  refractories  and  fiber-forming  bushings  have  improved  allowing  use  of 
somewhat  lower  levels  of  B2O3,  typically  6  to  8%.  Composition  “816”  (known 
as  8525  glass  in  Canada)  is  an  example  of  a  B203-free  glass  intended  as  an  E- 
Glass  replacement,  but  this  glass  has  a  high  liquidus  temperature  and  there 
appears  to  be  little  economic  advantage  compared  to  today’s  conventional  E- 
Glass.  Another  example  of  an  E-Glass  replacement  free  of  both  B2O3  and 
fluorine  is  shown  in  Table  2.  Production  of  these  B203-free  glasses  is  small  and 
they  are  not  a  true  ‘E-Glass’  but  can  be  suitable  for  some  reinforcement  appli¬ 
cations,  notably  in  concrete.  Trends  have  been  toward  lower  B2O3  compositions 
because  of  raw  material  cost  and  volatility  from  the  furnace. 

Another  type  of  textile  fiberglass  known  as  C- Glass  (Chemical)  was  devel¬ 
oped  for  its  greater  chemical  resistance,  particularly  to  acids  [27].  Compared 
with  E-Glass,  it  has  higher  silica  and  soda,  lower  alumina,  and  about  5  to  6% 
B2O3  (Table  2). 

6.  INSULATION  OR  WOOL  FIBERGLASS 

Insulation  fiberglass,  also  known  as  glass  wool,  is  the  other  major  category 
of  commercial  fiberglass.  Its  development  followed  on  to  technology  from  the 
1800’s  invented  for  manufacture  of  mineral  wool  insulation  from  molten  slag. 
From  about  the  turn  of  the  century,  the  first  glass  considered  for  glass  wool,  as 
opposed  to  mineral  wool,  was  a  common  early  soda-lime-silicate  container 
glass  composition  designated  Type  A  in  Table  3.  However,  this  glass  had  a  high 
fiberizing  temperature  and  produced  fibers  of  low  durability. 

Up  to  this  point,  insulation  fiberglass  was  of  little  commercial  importance. 
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Table  3 

Insulation  Fiberglass 


Type  A 

Type  Ti  Bowes 
1943  [27] 

Type  Tj  Welsch 
1959[28] 

Si02 

72-0-72-5 

■  '63 . 

WZ 

AI2O3 

O-2'O 

5 

3'2 

B2O3 

5 

10-1 

Na20+K20 

10-0-16‘0 

10 

15-1 

CaO 

5‘5-10*0 

14 

8*0 

MgO 

2-5-4-0 

3 

4-2 

The  fiberglass  revolution  began  in  the  1930’s  with  the  development  of  a  new 
process  for  producing  glass  fibers  on  an  industrial  scale.  The  Owens-Illinois 
Glass  Company  of  Newark,  OH  (Owens-Corning  today)  made  significant 
improvements  to  the  process  of  glass  fiber  manufacture  which  made  it  eco¬ 
nomically  viable  [25].  In  about  1940,  the  earlier  Type  A  glass  was  replaced  by 
Type  Ti,  or  Thermal  glass,  containing  about  5%  B2O3  (Table  3),  suitable  for  the 
steam  blown  fiberization  process  invented  in  1932  and  later  for  the  air  attenu¬ 
ated  and  flame  attenuated  fiberization  processes  [26].  Compared  to  Type  A 
glass,  the  melt  viscosity  was  reduced  by  the  presence  of  B2O3  in  combination 
with  higher  CaO  and  lower  Si02,  while  the  durability  was  dramatically  im¬ 
proved  with  B2O3  along  with  increased  AI2O3.  In  addition,  B2O3  had  a  favorable 
effect  on  the  liquidus  temperature  as  well  as  the  rate  of  devitrification.  This 
became  the  first  commercially  successful  insulation  fiberglass  having  both  high 
durability  and  improved  fiber- forming  characteristics. 

A  major  change  in  glass  formulation  was  again  made  necessary  with  the 
introduction  of  the  rotary  fiberization  process  in  about  1955  that  today  is  the 
preferred  process  for  making  commodity  insulation  fiberglass.  The  advantage 
of  this  process  is  significantly  higher  rates  of  production,  but  demands  on  the 
glass  are  greater.  Glass  having  a  low  enough  working  temperature  and  liquidus 
temperature  was  required  for  contact  with  high  temperature  metal  alloys  used 
in  fiberizing  spinners  while  still  maintaining  good  finished  fiber  durability.  This 
was  accomplished  by  increasing  both  B2O3  and  Na20  at  the  expense  of  Si02  in 
Type  T2  glass  (Table  3).  This  glass  composition  has  been  modified  over  the 
years  as  high  temperature  spinner  alloys  and  design  have  improved.  The  drive 
to  reduce  cost  results  in  a  range  of  glass  compositions  produced  today  typi¬ 
cally  containing  about  4  to  6%  B2O3. 

7.  SUMMARY 

It  is  unlikely  that  borax  was  known  in  ancient  times,  but  may  have  been  first 
discovered  during  the  great  Islamic  civilization  sometime  before  800  AD.  By 
the  Middle  Ages,  it  is  known  that  small  amounts  of  borax  from  remote  regions 
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of  Tibet  were  imported  into  Europe,  for  use  principally  by  the  precious-metal 
trade,  however,  its  source  was  unknown  until  the  middle  of  the  eighteenth  cen¬ 
tury.  The  earliest  analytical  evidence  of  borax  in  glass  comes  from  China,  some¬ 
time  during  the  Liao  dynasty  (916  to  1 125),  in  recentfy  discovered  pottery  shards 
with  a  green  glaze  that  contains  13  wt%  B2O3.  Early  in  the  nineteenth  century 
new  sources  of  borax  were  discovered  first  in  Italy,  followed  by  Turkey,  the 
United  States  and  South  America.  This  increase  in  availability  led  to  wider  use 
first  in  enamel  glaze,  then  ceramic  glaze  and  glass.  By  the  end  of  the  nineteenth 
century  the  practical  needs  for  high  quality  optical  glass  led  to  the  discovery  of 
low  expansion  borosilicate  glass  that  was  soon  used  in  laboratory  ware  and 
domestic  heat  resistant  oven-ware.  The  technology  for  the  commercial  manu¬ 
facture  of  fiberglass  was  developed  in  the  1930’s  and  1940’s  and  is  today  the 
largest  single  commercial  use  for  borates. 

Today’s  use  of  B2O3  in  commercial  glass  is  driven  both  by  finished  glass  prop¬ 
erties  as  well  as  requirements  in  the  glass  making  process.  Finished  glass  proper¬ 
ties  include  durability — the  resistance  to  attack  by  moisture;  a  low  coefficient  of 
expansion — the  resistance  to  thermal  shock;  a  high  electrical  resistance  in  low 
alkali  glass;  and  optical  dispersive  properties — ^the  variation  in  index  of  refrac¬ 
tion  with  wavelength.  In  the  glass  making  process,  B2O3  acts  as  a  flux  (assisting 
the  fusion  of  batch  raw  materials  into  a  vitreous  state),  contributes  to  working  or 
forming  properties  by  lowering  the  forming  temperature  and  liquidus  tempera¬ 
ture,  and  reduces  the  rate  of  devitrification.  At  least  one  and  usually  a  combina¬ 
tion  of  these  properties  are  important  in  the  manufacture  and  end  application  of 
commercial  borosilicate  glass.  In  the  category  of  lighting  glass,  for  example,  a 
low  thermal  expansion  is  important  to  match  and  seal  refractory  electrical  leads, 
W  and  Mo,  as  well  as  for  thermal  shock  resistance. 

Today,  insulation  (glass  wool)  and  textile  (continuous  filament)  fiberglass 
represent  the  largest  commercial  category  for  B2O3.  The  above  attributes  of 
B2O3  are  particularly  important  in  the  production  of  fiberglass.  Durability  is  a 
most  important  property  for  the  high  surface  area  associated  with  very  fine  or 
small  diameter  fibers.  An  important  characteristic  of  B2O3  in  fiberglass  is  that 
it  provides  high  durability  in  the  finished  glass  products  and  at  the  same  time 
provides  required  low  temperature  forming  properties  dictated  by  the  tempera¬ 
ture  constraints  of  metal  alloys  used  in  fiberizing  equipment.  No  other  com¬ 
mercially  available  oxide  can  provide  all  these  features  economically  in  a  single 
batch  raw  material. 
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There  is  no  doubt  that  the  borosilicate  glass  family  is  outstanding  among  all 
others  for  its  countless  variety  of  technical  glass  applications.  Due  to  the 
inexhaustible  possibilities  for  compositional  variations,  special  borosilicate 
glasses  can  meet  extraordinary  properties.  In  particulai;  their  high  chemical 
resistance,  high  resistance  to  temperature  changes  combined  with  low  ther¬ 
mal  expansion,  and  now  their  unique  ability  to  be  prepared  as  a  toughened 
safety  glass  have  led  experts  to  think  further  about  the  potentials  for  new 
high  tech  applications.  These  are  discussed  in  the  present  paper,  which  de¬ 
scribes  the  role  of  borosilicate  glasses  in  advanced  flat  glass  technology. 

The  Schott  glasses  of  the  DURAN®  and  SUPRA®  type  were  the  first 
borosilicates  in  the  world  to  be  prepared  using  the  Microfloat  process  and 
are  named  BOROFLOAT®  33  and  BOROFLOAT®  40  glass,  respectively 
(trademark  of  Jena®"  Glaswerk  GmbH).  The  successful  floating  of  these  dif¬ 
ferent  borosilicate  glass  compositions  impressively  demonstrates  the  flex¬ 
ibility  and  performance  of  the  new  Microfloat  equipment  in  Jena.  Some  of 
the  very  special  requirements  for  floating  high  quality,  low  expansion  boro¬ 
silicate  glasses  are  discussed,  especially  the  temperature  dependence  of  the 
evaporation  of  alkaline  borates  and  the  effect  this  has  on  quality. 

A  few  of  the  most  important  physical  and  chemical  characteristics  of  the 
BOROFLOAT®  glasses  are  summarised  and  some  structural  data  are  given, 
based  on  Raman  spectroscopy.  Potential  new  future  applications  are  also 
discussed. 
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Because  of  its  unique  contribution  to  glass  properties,  boron  oxide  is  a  con¬ 
stituent  in  almost  all  commercial  fiber  glass  formulations.  Specifically,  (1)  B2O3 
moves  fiber  glass  formulations  toward  lower  viscosity  while  decreasing  liquidus 
temperature  and  improving  moisture  resistance.  (2)  B2O3  enables  creation  of 
glass  formulations  whose  fibers  are  reasonably  soluble  in  relevant  biological 
fluids,  while  at  the  same  time  preserving  resistance  to  moisture.  (3)  B2O3  low¬ 
ers  glass  surface  tension,  which  is  thought  to  result  in  easier  fiber  formation. 
(4)  B2O3  lowers  glass  coefficient  of  thermal  expansion  (CTE),  which  is  impor¬ 
tant  for  some  emerging  applications. 


1.  INTRODUCTION 

Despite  its  relatively  high  cost,  the  use  of  B2O3  is  pervasive  in  fiber  glass  for¬ 
mulations  because  of  its  unique  influence  on  properties  that  are  critical  to  prod¬ 
uct  manufacturing  and  performance.  Because  E-glass  is  restricted  to  very  low 
alkali  levels  [1],  the  fluxing  action  and  lower  viscosity  from  B2O3  has  been  neces¬ 
sary  in  textile  fibers  from  the  beginning.  Since  the  function  of  boron  in  E-glass 
seems  obvious,  this  paper  will  focus  on  the  use  of  B2O3  in  fiber  glass  insulation. 

2.  PROPERTIES  IMPORTANT  TO  THE  HISTORICAL  USE  OF  BORON 

While  many  glass  properties  are  important  in  manufacturing  and  marketing 
fiber  glass  products,  viscosity,  liquidus  temperature,  durability,  and  surface  ten¬ 
sion  have  had  particular  importance  in  establishing  the  common  use  of  B2O3 
in  glass  formulations. 

Insulation  glass  fibers  are  formed  using  expensive  and  highly  specialized 
alloy  components,  which  must  resist  both  high  temperature  creep  and  molten 
glass  corrosion.  The  strong  temperature  dependence  of  these  key  alloy  proper¬ 
ties  has  provided  a  driving  force  toward  lower  operating  temperatures  via  use 
of  lower  viscosity  glass  formulations. 

High  Temperature  Viscosity  (HTV),  log  (viscosity) =3,  is  often  chosen  to  rep¬ 
resent  the  viscosity/temperature  point  at  which  commercial  fiberization  takes 
place.  If  the  difference  between  the  HTV  and  liquidus  temperature  is  too  small, 
crystal  formation  can  occur  in  cooler  regions  of  the  molten  glass  and  severely 
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Table  1 

Schuller  90 IF  Insulation  Fiber  Glass  Formula 


Oxide 

Weight  Percent 

Si02 

56-20 

AI2O3 

4-90 

B2O3 

8-60 

NajO 

16-74 

K2O 

1-06 

CaO 

7-00 

MgO 

4-90 

Property 

Value 

HTV 

1001°C 

Liquidus  T. 

919°C 

FRP 

18-75 

disrupt  fiber  production.  Depending  on  the  fiberization  process,  liquidus  tem¬ 
perature  must  be  at  least  40  to  120°C  below  the  HTV 

Glass  durability  is  also  important  because  fibers  are  required  to  resist  loss 
of  strength  under  end-use  conditions  or  when  stored  under  compression  in 
humid  climates. 

In  most  commercial  silicate  glasses,  RO  (CaO  and  MgO)  and  R2O  (Na20 
and  K2O)  are  important  ingredients  for  adjusting  glass  viscosity,  while  AI2O3  is 
commonly  used  to  enhance  glass  durability.  The  following  discussion  explains 
why  it  is  quite  difficult  to  simultaneously  optimize  viscosity,  liquidus,  and  du- 


Wt.  %  Substitution  for  Silica  in  Base  Glass 

Fig.  1.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  Si02  on  high  temperature 
viscosity  (HTV)  of  Schuller  90 IF  glass. 
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Fig.  2.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  Si02  on  the  liquidus 
temperature  of  Schuller  90 IF  glass. 

lability  in  fiber  glasses  without  also  using  B2O3. 

Table  1  shows  a  commercial  fiber  glass  building  insulation  formula  (Schuller  901 F) 
which  exhibits  a  typical  balance  amongst  HTV,  liquidus  temperature,  and  durability. 
Fatigue  Resistance  Parameter  (FRP)  is  an  exponent  in  the  static  fatigue  equation 
given  by  Charles  [2].  It  was  calculated  using  a  model  developed  at  Schuller  from  fiber 
tensile  strength  data  collected  under  various  temperature  and  humidity  conditions 
[3].  The  higher  the  FRP,  the  more  resistant  a  glass  is  to  moisture  attack.  Depending 
on  end-use  application,  an  FRP  value  of  16  or  higher  is  typically  required  for  com¬ 
mercial  fiber  glass  products  90 IF  glass  was  used  as  the  base  for  calculating  relation¬ 
ships  between  glass  composition  and  properties  as  reported  throughout  this  paper. 

Figure  1  shows  that  Na20,  CaO,  and  ^03  are  about  equalfy  effective  at  lowering 
HTV  vdien  substituted  for  Si02,  while  AI2O3  for  Si02  substitutions  have  very  little 
effect  on  HTV  The  HTV  values  were  calculated  using  an  internal  Schuller  model  [4] 
which  is  based  upon  experimental  values  measured  using  concepts  similar  to  those 
described  by  Tiede  [5].  A  rotary  viscosimeter  was  modified  with  a  furnace  and  plati¬ 
num  parts  to  permit  high  temperature  glass  viscosity  measurements 

Figure  2  shows  that  CaO  for  Si02  substitutions  have  a  strong  tendency  to  raise 
liquidus  temperature  as  the  HTV  decreases,  so  CaO  has  limited  value  as  a  means  of 
decreasing  viscosity.  The  liquidus  temperatures  were  calculated  using  an  internal 
Schuller  model  based  upon  original  gradient  furnace  liquidus  determinations  [4]. 

Figure  3  shows  that  CaO,  and  particularly  Na20,  substitutions  for  Si02, 
cause  a  decrease  in  the  resistance  of  the  glass  to  moisture  attack.  The  FRP 
values  were  calculated  using  Schuller’s  internal  model  as  noted  above  [3].  Fig¬ 
ures  1-3  show  that  only  B2O3  substitutions  for  Si02  possess  the  combination  of 
property  trends  which  decrease  HTV,  lower  liquidus  temperature,  and  increase 


326 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Fig.  3.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  Si02  on  the  fatigue 
resistance  parameter  (FRP)  of  Schuller  90 IF  glass. 

moisture  resistance.  This  combination  of  properties  has  been  the  driving  force 
behind  the  historical  development  of  fiber  glass  formulations  containing  B2O3. 

Over  the  years,  better  fiberization  efficiency  and  “easier”  production  operations 
have  often  been  associated  with  glass  formulas  which  contain  higher  levels  of  B2O3. 
Figure  4  shows  the  influence  of  AI2O3,  CaO,  Na20,  and  B2O3  substitutions  for 
Si02  on  glass  surface  tension,  based  upon  calculations  using  Deitzefs  composi¬ 
tion  vs.  surface  tension  model  [6].  Substitutions  of  both  AI2O3  and  CaO  for  Si02 
increase  surface  tension,  while  substitutions  of  both  Na20  and  B2O3  decrease  sur¬ 
face  tension.  Combining  this  information  with  the  data  plotted  in  Figure  3  dem¬ 
onstrates  that  B2O3  is  unique  in  lowering  surface  tension  while  simultaneously 
improving  product  resistance  to  atmospheric  moisture  While  we  are  not  aware  of 
studies  which  firmly  establish  the  correlation,  we  believe  this  lowering  of  surface 
tension  is  at  least  part  of  the  reason  for  the  empirical  performance  observations 
that  have  supported  the  use  of  B2O3  in  fiber  glass  formulations. 

3.  TWO  PROPERTIES  WHICH  HAVE  RECENTLY  ADDED  TO  THE 
REASONS  FOR  USE  OF  BORON  IN  FIBER  GLASS 

Over  the  past  decade,  events  have  provided  two  other  driving  forces  which 
further  strengthen  fiber  glass  industry  reliance  upon  B2O3  as  a  key  glass  for¬ 
mulation  component. 

3.1  Biosolubility 

The  tragedy  of  lung  disease  caused  by  inhalation  of  respirable  asbestos  fibers 
has  caused  society  to  question  whether  all  respirable  fibers  might  be  harmful 
to  human  health.  However,  the  weight  of  evidence  from  extensive  epidemio- 
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3.4 


Fig.  4.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  SiOz  on  the  surface 
tension  of  Schuller  90 IF  glass. 

logical  and  laboratory  research  strongly  supports  the  conclusion  that  occupa¬ 
tional  exposure  to  glass  fibers  does  not  increase  the  risk  to  humans  of  respira¬ 
tory  system  cancer  (for  example,  see  Lee  et  al.  [7]).  Logic  does  suggest  that 
fibers  which  can  be  readily  dissolved  by  the  fluids  naturally  found  in  the  lung 
will  provide  an  extra  margin  of  safety  against  incidence  of  lung  disease.  This  is 
also  supported  by  research  results  [8,  9].  It  may  therefore  prove  highly  desir¬ 
able  to  develop  glass  fiber  formulations  which  are  quite  soluble  in  lung  fluid, 
while  at  the  same  time  being  resistant  to  attack  by  atmospheric  moisture. 

Figure  5  indicates  the  influence  of  several  glass  making  oxides  on  the 
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Fig.  5.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  Si02  on  biosolubility  of 

Schuller  90 IF  glass  fibers. 
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Wt.  %  Substitution  for  Silica  in  Base  Glass 


Fig.  6.  Influence  of  AI2O3,  B2O3,  CaO,  and  Na20  substitutions  for  Si02  on  Schuller  90 IF 
glass  coefficient  of  thermal  expansion  (CTE). 

“biosolubility”  constant  Kcyj  is,  the  solubility  constant  of  glass  fibers  ex¬ 
posed  to  an  artificially  prepared  lung  fluid.  The  curves  were  calculated  using  a 
model  developed  at  Schuller  based  upon  in  vitro  experiments  by  Bauer  et  ah 
[10,  11].  It  is  clear  that  one  useful  strategy  for  enhancing  biosolubility  is  to 
lower  the  AI2O3  level  in  the  glass.  However,  this  action  will  also  make  the  glass 
more  vulnerable  to  moisture  attack. 

Comparing  Figures  3  and  5,  it  is  clear  that  B2O3  has  a  unique  ability  to 
enhance  biosolubility  while  simultaneously  increasing  atmospheric  moisture 
resistance.  This  could  become  another  very  important  reason  for  use  of  B2O3 
in  fiber  glass  formulations,  and  may  actually  result  in  higher  B2O3  levels  than 
have  been  historically  typical. 

3.2  Thermal  Expansion 

Figure  6  reflects  glass  coefficient  of  thermal  expansion  (CTE)  calculations 
using  the  methods  of  Winkelmann  &  Schott  [12].  It  demonstrates  that  B2O3  is 
a  key  ingredient  in  formulating  glasses  with  low  CTE.  If  it  is  desired  to  signifi¬ 
cantly  lower  the  thermal  expansion  of  glass  while  retaining  a  similar  viscosity, 
Figures  1  and  6  suggests  that  B2O3  substitutions  for  alkali  and/or  alkaline  earth 
oxides  offer  a  logical  approach.  This  area  has  generated  new  interest  since  the 
recent  introduction  of  bicomponent  glass  fibers  where  the  difference  in  CTE 
of  the  two  glasses  creates  a  natural  curl  and  twist  similar  to  that  seen  in  wool 
and  in  some  synthetic  (polymer)  fibers. 

4.  DISCUSSION 

The  fluxing  attributes  of  B2O3  and  its  improvement  of  glass  moisture  resistance 
in  comparison  to  other  additives  is  reflected  in  its  thermodynamic  properties.  For 
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example,  calculated  free  energies  of  hydration  (AGhyd)  for  B2O3  in  glasses  clearly 
show  an  advantage  over  alkali  or  alkaline  earth  oxides  with  regard  to  chemical  dura¬ 
bility  in  aqueous  systems.  Hydration  of  B2O3  results  in  a  AGhyd  of  onfy  -9-9  kcal/ 
mol  as  compared  with -28*8  kcal/mol  for  Na20,  ^1-7  kcal/mol  for  K2O,  and -16-1 
kcal/mol  for  CaO  [13].  This  means  that  the  substitution  of  B2O3  into  glass  for  Si02 
results  in  far  less  moisture  resistance  “penalty”  than  R2O  or  RO  substitutions. 

However,  this  is  not  reflected  in  the  dissolution  rates  of  B2O3  in  glasses  ex¬ 
posed  to  simulated  lung  fluids,  where  boron  behaves  similarly  to  calcium  and 
sodium  in  being  readily  leached  from  the  glass  structure  [11].  The  reason  for 
this  behavior  is  not  known,  but  it  may  be  related  to  the  specific  structural 
environment  of  the  boron  atoms.  Little  detailed  structural  data  are  available 
for  borosilicate  formulations  as  complex  as  commercial  fiber  glass.  Typical 
formulas  contain  alkali  in  molar  percentages  greater  than  B2O3.  As  alkali  con¬ 
centration  is  increased  in  boron-containing  glasses,  several  structural  changes 
are  believed  to  occur,  eventually  resulting  in  trigonal  B03"“  containing  from 
one  to  three  non-bridging  oxygen  ions  [14].  Alkali  ions  may  be  affiliated  with 
the  trigonal  BO3""  ions  strongly  enough  to  allow  ion  exchange  reactions  to 
proceed  with  coupled  release  of  alkali  and  boron.  It  is  very  likely  that  forma¬ 
tion  of  boron  oxyanions  in  the  glass  structure  is  important  in  decreasing  melt 
viscosity  and  also  in  determining  other  liquid  state  properties.  Much  remains 
to  be  learned  about  the  complex  chemistry  of  boron  in  silicate  glasses  and  its 
influence  on  glass  properties  which  are  important  to  the  manufacture  and  du¬ 
rability  of  glass  fibers. 

Despite  the  above- documented  advantages  of  B2O3  in  glass  fiber  formula¬ 
tions,  its  use  is  accompanied  by  practical  problems.  Boron  minerals  are  expen¬ 
sive  with  glass  makers  often  spending  as  much  for  boron  raw  materials  as  for 
all  other  raw  materials  combined.  Boron  volatilization,  especially  combined 
with  alkali  volatilization,  causes  particularly  aggressive  attack  on  glass  fur¬ 
nace  superstructure  refractories.  Condensation  of  the  same  volatile  compo¬ 
nents  in  furnace  exhaust  systems  also  contributes  to  particulate  air  emissions. 
Hydrated  boron  minerals  often  contribute  to  batch  dust  carryover  from  glass 
furnaces  when  their  water  of  hydration  is  released  with  explosive  force. 

5.  CONCLUSION 

On  balance,  the  unique  contribution  of  B2O3  to  the  combination  of  glass 
properties  required  for  fiber  glass  manufacturing  and  product  service  condi¬ 
tions  far  outweighs  the  problems  and  assures  its  continued  importance  for  many 
years  to  come. 
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Although  opal  glasses  for  technical  uses  have  been  available  for  some  time, 
entirely  new  requirements  must  be  fulfilled  in  the  development  of  opal  prod¬ 
ucts  for  dental  applications.  A  thermal  expansion  of  90-160x10"^  K~^  m/m  is 
required.  Furthermore^  the  opalescence  of  the  material  must  be  similar  to 
that  of  natural  teeth.  This  paper  will  show  that  special  products  can  be  devel¬ 
oped  to  meet  these  requirements.  Hence,  glass-ceramics  derived  from  the  Si02- 
Al203~K20  system  were  produced  by  adding  P2O5,  Na20,  Zr02,  Ti02  and 
small  amounts  of  B2O3.  The  development  of  opalescent  dental  products  was 
carried  out  by  controlling  two  mechanisms  in  the  glass:  microstructure  devel¬ 
opment,  and  nucleation  and  crystallization.  The  microstructure  of  the  glass 
matrix  was  formed  as  a  special  microheterogenic  liquid-liquid  phase  separa¬ 
tion.  The  diameter  of  the  droplet  phase  measured  approx.  40-500  nm.  It  was 
even  possible  to  control  this  reaction  with  phosphate  additives  and  small  quan¬ 
tities  of  B2O3.  The  surface  nucleation  of  the  glass  granules  lead  to  the  crystal¬ 
lization  of  leucite-type  crystals,  which  produced  a  high  thermal  expansion 
coefficient.  The  new  products  were  highly  translucent  and  the  opalescence 
was  comparable  to  that  of  natural  teeth. 


1.  INTRODUCTION 

Glasses  with  opalescent  properties  are  well  known  in  both  the  fields  of  tech¬ 
nical  and  optical  glasses.  Often  this  opalescence  is  used  for  decorative  pur¬ 
poses  (e.g.  tableware)  or  for  producing  optical  effects  in  technical  building 
components  (e.g.  in  the  electrotechnical  industry). 

In  the  development  of  an  opal  effect  in  technical  glasses,  different  solutions 
were  achieved.  The  opal  effect  was  found  by  precipitating  microcrystals  as  well 
as  by  specifically  developing  a  special  micro  structure  by  influencing  phase  sepa¬ 
ration.  Therefore,  fundamental  research  was  also  concentrated  on  the  glass 
microstructure  processes.  Significant  fundamental  research  of  phase  separa¬ 
tion  in  glasses  is  documented  in  [1-3]. 

The  following  glass  systems  were  particularly  important  with  regard  to  the 
glass  formation  systems  that  were  used  in  the  development  of  opal  glasses: 

-  silicate  glasses  with  fluoride  additives  [4,5] 

-  borosilicate  glasses  [6] 
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-  phospho silicate  glasses  with  different  additives  [7,8]. 

In  these  glasses,  the  opalescence  was  produced  with  special  phase  separa¬ 
tion  processes  or  with  the  precipitation  of  microcrystals  [9]. 

In  his  study  on  the  structure  of  borate  glasses,  Bray  [10,1 1]  achieved  revolution¬ 
ary  results  with  regard  to  fundamental  research  and  materials  development.  Thus 
Bray’s  [9,10]  findings  also  served  as  a  guideline  for  the  developments  described  in 
this  paper.  Furthermore;,  we  are  grateful  for  having  been  able  to  draw  on  numerous 
technical  discussions  with  Professor  Bray,  a  colleague  of  many  years. 

Since  the  opal  effect  of  technical  products  differs  from  that  of  natural  teeth, 
new  objectives  had  to  be  set  in  the  development  of  biomaterials  for  dental  resto¬ 
rations.  In  addition,  these  biomaterials  must  demonstrate  a  high  expansion  ca¬ 
pability,  so  that  they  can  adapt  to  the  natural  tooth  as  well  as  to  other  biomaterials, 
which  are  processed  together  with  the  opal  biomaterial.  Therefore,  linear  coeffi¬ 
cients  of  thermal  expansion  of  approx.  9-0-1 6-Ox  10"^  K"^  m/m  are  required.  Fur¬ 
thermore,  the  opalescence  of  these  glasses  must  be  similar  to  that  of  natural 
teeth.  To  ensure  the  optical  qualities,  the  opal  effect  should  remain  virtually 
unchanged,  even  after  repeated  heat  treatment  of  the  final  product. 

2.  EXPERIMENTAL 

The  experimental  work  was  focused  on  producing  a  glass  system  that  would 
permit  the  development  of  an  opal  glass  for  restorative  dental  applications  on 
the  basis  of  specifically  controlled  structural  processes  of  the  glass.  In  addi¬ 
tion  to  the  special  opal  effect,  a  high  coefficient  of  thermal  expansion  and 
high  temperature  stability  of  all  the  properties  (the  opal  effect  and  the  coeffi¬ 
cient  of  thermal  expansion  in  particular)  after  various  heat  treatments  up  to 
approximately  920°C  had  to  be  achieved.  To  achieve  crystal  phases  with  high 
linear  coefficients  of  thermal  expansion,  a  glass  formation  system  was  selected, 
which  would  allow  controlled  phase  separation  and  serve  as  a  base  glass  for  a 
glass-ceramic.  Therefore,  a  base  glass  from  the  Si02-Al203-K20-Ca0~  P2O5 
system  was  selected.  The  main  results  of  this  study  were  the  optimized  chemi¬ 
cal  composition  range  of  the  glass-ceramic,  the  process  of  controlling  the  micro¬ 
structure  of  the  glassy  matrix,  and  the  mechanism  of  controlled  crystallization. 

In  the  experimental  part,  the  glasses  were  melted  between  1500  and  1600°C. 
Following  appropriate  homogenization  and  cooling,  a  glass  frit  was  produced. 
The  phase  development  and  the  microstructure  of  the  glass  were  examined.  The 
glass  examined  with  regard  to  its  phase  development  and  microstructure  had  a 
grain  size  of  less  than  90  pm.  Opal  glass-ceramic  in  monolithic  form  was  pro¬ 
duced  from  these  glass  grains  with  subsequent  heat  treatment  of  900-920°C  for 
1-1^2  hours,  followed  by  graining  and  additional  sintering  at  920°C  for  1  min. 

Microstructure  development  was  examined  using  scanning  electron 
microscopy  (Carl  Zeiss,  DSM  962)  and  possible  crystal  phase  development 
using  X-ray  diffraction  (Siemens  D500,  diffractometer  using  Cu-K-„-radia- 
tion). 

Thermal  properties  were  determined  with  a  dilatometer  (Netsch,  402  TMA). 
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For  the  dilatometric  measurements,  samples  measuring  26x6*5x5  mm  were 
produced.  Subsequently,  plane-parallelism  of  the  reference  surfaces  for  the 
measurement  of  length  were  achieved  by  grinding  and  polishing.  The  test  pa¬ 
rameters  for  the  dilatometric  measurements  were:  heating  rate  of  5  K/min  and 
an  atmosphere  of  still  air. 

3.  RESULTS 

By  systematically  varying  the  experimental  conditions,  the  chemical  com¬ 
position,  the  grain  size  of  the  base  glass,  and  the  thermal  treatment  of  the  base 
glass  for  controlled  crystallization  in  particular,  various  opal  glass-ceramics, 
have  been  developed  for  use  in  restorative  dentistry.  The  initial  results  of  these 
developments  are  particularly  interesting  with  regard  to  the  high  coefficient  of 
thermal  expansion  [12,13]. 

This  paper  focuses  on  the  processes  involved  in  the  development  of  glass 
microstructures  and  the  controlling  of  crystallization,  paying  particular  atten¬ 
tion  to  the  effects  of  small  quantities  of  additives  and  of  B2O3  in  particular. 

The  opalescent  biomaterial  was  achieved  in  the  following  composition  range 
(in  wt%)  53-59Si02,  I3-I7AI2O3,  9*5-12*5K20,  8-llNa20,  l*5-3*5CaO,  1*5- 
3-5P205  with  approx.  1-5%  additives.  Within  this  range  of  1  to  5%  additives, 
approx.  1  wt%  B2O3  demonstrated  a  favourable  influence  on  the  formation  of 
the  glass  micro  structure.  The  results  are  clearly  visible  in  scanning  electron 
micrographs. 

The  other  additives  used  were  0*5%  Ce02  and  1  *0-3*0%  Zr02. 

3.1,  Surface  crystallization 

Figure  1  shows  the  micro  structure  of  a  glass-ceramic  that  was  produced  by 
heat  treating  a  powder  at  920°C.  The  process  for  manufacturing  a  powder  that 


Fig.  1.  Opal  glass-ceramic  after  sintering  at  920°C.  Scanning  electron  micrograph,  after  HF 

etching  (2-5%HF  for  10  s)  [12]. 
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Fig.  2.  Leucite  nucleating  two-dimensionally.  Scanning  electron  micrograph. 

can  be  sintered  to  form  a  dense  glass-ceramic  at  approx.  920°C  is  character¬ 
ized  by  the  fact  that  the  base  glass  powder  with  an  average  content  of  approx. 
2*5  wt%  P2O5  and  approx  0*9  %  B2O3  is  initially  heat  treated.  During  the  heat 
treatment  of  the  base  glass  powder  at  920°C,  glass  microstructure  formation, 
sintering  of  the  powder,  and  primary  processes  of  nucleation  and  crystalliza¬ 
tion  occur  almost  simultaneously.  After  the  heat  treatment,  this  glass-ceramic 
product  is  converted  into  a  glass-ceramic  powder  and  was  additional  heat  treat¬ 
ment  at  920°C,  given  the  type  of  micro  structure  shown  in  Fig.  1. 

Furthermore,  Fig.  1  shows  that  sintering  produces  a  dense  product  and  re¬ 
duces  porosity.  Figure  1  also  reveals  that  crystallization  has  taken  place  at  the 


Fig.  3.  Crystallization  of  leucite,  originating  from  a  nucleating  centre.  Petal-shaped  growth 

pattern:  SEM. 
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Fig.  4.  Phase  separation  of  the  glass  matrix  according  to  excerpt  1  in  Figure  1.  The  glassy 
droplet  phase  measures  approx.  40-60  nm.  SEM  [12]. 

inner  grain  boundary.  These  inner  grain  boundaries  are  also  called  ‘'ghost  sur¬ 
faces”,  since  the  process  of  controlled  surface  nucleation  and  crystallization 
progress  along  them. 

X-ray  diffraction  analysis  has  revealed  that  leucite,  KAlSi206,  develops  dur¬ 
ing  surface  crystallization.  The  mechanism  of  the  surface  crystallization  of 
leucite  is  comparable  to  that  of  cordierite,  Mg2Al4Si50i8,  which  develops  in  an 
entirely  different  material  system.  The  leucite  nuclei  are  almost  flat  two-di¬ 
mensional  particles.  These  nuclei  are  clearly  visible  in  a  P2O5  -  and  CaO-free 
base  glass  (Fig.  2)  [14]. 

The  crystalline  leucite  continues  to  develop  from  the  nucleating  centre.  The  small 
crystals  grow  around  the  nucleating  centre  like  the  petals  of  a  flower  (Fig.  3). 

Glass-ceramics  with  different  coefficients  of  thermal  expansion  were  pro¬ 
duced  with  leucite  crystals  of  different  sizes  and  densities.  The  tetragonal  modi¬ 
fication  of  leucite  is  known  to  have  a  very  high  coefficient  of  thermal  expansion. 
Therefore,  glass-ceramics  with  a  coefficient  of  thermal  expansion  between 
12*0x10“^  K"^  m/m  and  15-5xl0"^  K“^  m/m  were  developed.  These  materials 
were  then  used  to  develop  glass-ceramics  for  dental  applications. 

3.2.  Glass  microstructure  formation 

The  development  of  a  reproducible  and  adjustable  microstructure  for  the 
residual  glass  matrix  presented  an  equally  complex  solid  state  reaction  parallel 
to  the  surface  crystallization  of  leucite. 

Figures  4  and  5  show  two  excerpts  (numbered  1  and  3)  from  Fig.  1,  magni¬ 
fied  by  a  factor  of  50000. 

Figure  4  demonstrates  that  it  was  possible  to  produce  a  special  type  of  phase 
separation  of  the  residual  glass  matrix  using  the  combined  effects  of  CaO, 
P2O5,  and  B2O3.  This  phase  separation  demonstrated  an  adequately  high  ther¬ 
mal  stability  to  maintain  the  size  of  the  droplet  glass  phase,  even  after  a  number 
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Fig.  5.  Interface  between  two  crystallized  glass  grains,  showing  etched  leucite  crystals  and  a 
phase  separated  glass  micro  structure  (excert  3  in  Figure  1)  SEM  [12]. 

of  heat  treatments  at  approx.  920°C.  The  glass  phase  neither  dissolved  in  the 
glass  matrix  nor  recrystalized.  As  a  result,  the  opal  effect  was  maintained. 

Figure  5  shows  the  interface  between  two  grains  of  crystallized  glass  pow¬ 
der.  Clearly  controlled  surface  crystallization  has  occurred.  After  nucleation 
was  initiated,  however,  crystallization  proceeded  only  partially  and  the  growth 
of  the  leucite  crystals  was  halted.  As  a  result,  growth  towards  the  grain  center 
also  stopped. 

4.  DISCUSSION 

The  results  show  that  it  is  possible  to  produce  glass-ceramics  and  at  the 
same  time  control  entirely  different  properties  in  a  relatively  complex  system 
featuring  multiple  components.  The  properties  involved  were  opalescence,  a 
high  coefficient  of  thermal  expansion,  and  thermal  stability  of  the  glass-ce¬ 
ramic.  These  characteristics  in  addition  to  the  required  biocompatibility  make 
the  glass-ceramic  suitable  for  use  as  a  biomaterial. 

In  the  development  of  this  glass-ceramic  two  main  mechanisms  were  con¬ 
trolled  which  would,  from  the  point  of  view  of  materials  science,  usually  influ¬ 
ence  each  other  directly.  Under  the  experimental  conditions  selected,  however, 
the  processes  were  controlled  almost  separately  by  halting  the  surface  crystal¬ 
lization  of  leucite  in  the  kinetic  growth  process.  Normally,  an  excessively  high 
crystal  content  would  negatively  influence  the  transmission  of  light  through 
the  glass-ceramic  and  the  desired  opal  effect  would  not  have  been  visible.  In 
this  case,  however,  an  adequate  amount  of  crystals  were  formed  to  achieve  a 
high  coefficient  of  thermal  expansion  as  well  as  a  high  degree  of  translucency. 
Therefore,  the  opal  effect  of  the  glass  matrix  was  visible. 

The  liquid-liquid  phase  separation  of  the  glass  matrix  phase  is  predomi¬ 
nantly  caused  by  the  formation  of  a  Ca(II)-  and  P205-rich  droplet  glass  phase. 
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Fig.  6.  Scanning  electron  micrograph  of  an  opal  glass-ceramic  with  leucite  crystals  and  a 
high  content  of  a  glassy  droplet  phase. 

This  effect  is  in  line  with  the  fundamental  research  conducted  on  the  phase 
separation  for  these  glass  systems.  However,  it  has  been  observed  that  very 
small  amounts  of  B2O3  positively  influence  the  process  of  phase  separation, 
without  initiating  nucleation  and  crystallization  in  this  glass  phase. 

Figure  6  shows  the  microstructure  of  a  glass-ceramic  demonstrating  a  drop¬ 
let  glass  phase  of  up  to  500  nm.  This  size  is  clearly  the  upper  limit  at  which 


Fig,  7.  Diagram  of  the  application  of  five  types  of  opal  materials  (E1-E5). 
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transmission  is  not  significantly  impaired. 

At  the  same  time,  however,  an  adequate  amount  of  droplet  phases  between 
100  and  200  nm  are  present.  These  phases  are  responsible  for  the  development 
of  the  opal  effect. 

5.  CONCLUSION 

The  biomaterial  which  was  developed  is  suitable  for  dental  applications  be¬ 
cause  of  its  favourable  properties.  Figure  7  shows  five  products  (labeled  El  to 
E5)  with  chemical  compositions  in  the  range  discussed.  They  have  a  different 
degree  of  opalescence  and  transmission  [15].  Each  of  these  glass -ceramics  is 
applied  to  a  different  part  of  the  incisal  of  dental  crowns  in  a  sintering  proce¬ 
dure.  In  this  way,  artificial  crowns,  even  those  with  metal  superstructures  as 
shown  in  Fig.  7,  can  be  reconstructed  according  to  their  natural  counterpart. 
The  result  is  a  restoration  that  is  virtually  indistinguishable  from  the  natural 
tooth  from  an  optical,  functional,  and  biochemical  perspective. 
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Extensive  glass  formation  has  been  shown  in  barium  haloborate  systems. 
Thermal  treatment  of  selected  glasses  has  precipitated  crystalline  phases 
which,  in  the  presence  of  an  activating  dopant,  act  as  x-ray  storage  phosphors. 
Glass-ceramics  have  been  demonstrated  which  have  a  potential  use  as  x-ray 
storage  materials. 


1.  INTRODUCTION 

Certain  crystals,  when  doped  with  a  suitable  activator  such  as  Eu^"^,  act  as  x- 
ray  storage  phosphors.  X-rays  produce  metastable  defects  called  F-centres, 
whose  stored  energy  is  released  on  exposure  to  light  as  photo  stimulated  lumi¬ 
nescence  (PSL),  or  to  heat  as  thermally  stimulated  luminescence.  PSL  is  used 
in  storage  screens;  the  x-rays  form  a  latent  image,  which  can  be  “read”  by  laser 
scanning  and  stored  digitally  in  a  computer  file  for  later  retrieval.  The  latent 
image  can  be  erased  and  the  screen  reused.  This  technology  is  known  as  com¬ 
puted  radiography  [1].  Currently,  x-ray  storage  screens  are  made  by  coating 
dispersions  of  phosphor  particles  onto  flexible  supports,  by  techniques  com¬ 
mon  in  the  photographic  industry. 

This  work  was  prompted  by  the  idea  that  the  technology  of  glass-ceramics  might 
be  useful  in  making  x-ray  storage  screens,  if  a  storage  phosphor  could  be  precipi¬ 
tated.  The  resolution  of  a  radiographic  imaging  screen  depends  largely  on  the 
phosphor  particle  size  and  its  distribution.  Glass-ceramics  ojfer  the  possibility  of 
controlling  both  of  these  variables  to  prepare  improved  imaging  plates^  and  one 
can  envisage  storage  screens  which  would  be  mechanically  tough  and  chemically 
resistant  to  repeated  cleaning.  Several  barium-containing  halides  exhibit  PSL  when 
host  to  suitable  activators.  Examples  are  BaFBr  [2],  BaFBrxI(i_x)  [3],  both  now  used 
in  storage  screens,  and  Ba2B509Br  [4].  (In  the  remaining  text,  any  reference  to  a 
storage  phosphor  implies  the  presence  of  an  activating  species). 
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Oxide  and  halide  glass  systems  are  familiar  in  technology  and  industry. 
However,  except  for  fluoride-containing  systems,  overlap  between  them  is 
relatively  uncommon.  Container-  and  flat-glasses  have  no  significant  halide, 
while  the  fibre  optic  community  requires  halide  glasses  to  be  as  oxide-free  as 
possible,  to  minimize  infrared  absorption.  Known  oxyhalide  glass  systems 
with  halides  other  than  fluoride  include  B203~Na20-NaCl  [5],  B203-Li20- 
LiCl  [6,7],  B203-Si02-Li20-LiCl  [7],  and  B203-AgX-Ag20  (X=C1,  Br,  I)  [8], 
which  are  of  interest  as  fast-ion  conductors  Luminescent  glasses  are  reported 
in  the  B203-BaF2-BaBr2  system  [9],  and  optical  glasses  involving  Te02  [10] 
and  Sb203  [1 1,12]  with  various  metal  halides  have  been  prepared.  In  this  work, 
extensive  glass  formation  was  shown  in  the  systems  B203-Ba0-BaBr2  and 
B203-Ba0-BaFBr,  which  provided  precursor  compositions  for  glass-ceram¬ 
ics,  and  B203-Ba0~BaCl2,  whose  devitrification  behaviour  was  not  investi¬ 
gated. 

2.  EXPERIMENTAL 

Compositions  intended  only  to  show  glass  formation  were  melted  in  a  box 
furnace  in  air,  in  5-10  g  quantities.  To  evaluate  PSL  behaviour,  Eu  was  intro¬ 
duced  as  an  activator;  glasses  were  melted  in  a  horizontal  fused  silica  tube 
furnace  under  a  reducing  atmosphere  (4%  H2  in  Ar),  to  convert  Eu^^  to  Eu^^. 
Porcelain  or  alumina  crucibles  were  used.  By  the  examination  of  corrosion 
profiles  under  a  microscope,  it  was  estimated  that  dissolved  crucible  material 
did  not  exceed  ~0'5  wt%  of  the  glass. 

2.1.  Undoped  Glasses 

Mixtures  of  B2O3,  BaC03  and  the  appropriate  barium  halide(s)  were 
prereacted  at  700°C,  then  melted  at  950-1 100°C,  depending  on  composition. 
Prereaction  avoided  too  rapid  an  evolution  of  CO2  from  the  BaC03,  which 
would  cause  the  melt  to  “boil  over”.  After  30  min.  at  the  final  temperature, 
melts  were  poured  into  a  graphite  mould  and  put  into  an  annealing  furnace  at 
~450°C,  which  was  allowed  to  cool  to  room  temperature  at  its  natural  rate. 
Some  melts  outside  the  glass-forming  region  crystallized  uncontrollably  on 
cooling.  In  others,  two  immiscible  liquids  were  visible  as  distinct  layers  when 
poured.  Still  others  did  not  completely  melt  up  to  1100°C,  the  upper  limit  of 
the  furnace. 

2.2.  Europium-doped  Glasses 

Europium  was  introduced  into  the  major  ingredients  as  EU2O3.  Batches  were 
prereacted  overnight  at  650-700'’C  to  ensure  complete  reduction  of  Eu^''  to 
Eu^^.  The  furnace  was  programmed  to  heat  up  over  1*5  h  to  the  melting  tem¬ 
perature,  which  was  maintained  for  0-5  h.  The  glass  was  quickly  poured  into 
carbon  moulds  and  cooled  gradually  to  room  temperature  from  450°C.  Euro¬ 
pium  content  was  normally  calculated  as  an  equimolar  substitution  of  EuO 
for  BaO. 
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BaXX' 


BaO  B2O3 


Fig.  1.  Glass-forming  regions  in  the  systems  B203~Ba0-BaXX’:  (a)  X=X -Br;  (b)  X=F, 
X’=Br;  (c)  X=X’=C1.  •  glass  former;  €  borderline  glass-former;  ©  crystallization;  O  two 
liquids;  ©  did  not  melt  <1100°C;  | — |  approximate  range  of  Ref.  [9]  glasses; 
B203-Ba0  glass-forming  region  [13]. 

3.  GLASS  FORMATION  AND  DEVTRIFICATION 
3.1.  Glass-forming  Compositions 

Glass-forming  regions  in  the  B203-Ba0-BaBr2,  B203-BaO-BaFBr  and 
B203~Ba0-BaCl2  systems,  determined  from  this  work,  are  shown  in  Fig.  1; 
they  are  remarkably  extensive,  occupying  20-25%  of  the  available  composition 
space.  Glass  formation  is  reported  along  the  B203-BaFBr  binary  [9],  but  was 
not  found  in  B203-BaBr2  and  was  not  investigated  in  B203-BaCl2. 
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One  glass-forming  composition  in  the  B203-Ba0-BaBr2  system  is 
5B203.3BaO.BaBr2..  It  has  the  same  stoichiometry  as  the  known  crystal 
Ba2B509Br,  which  behaves  as  a  storage  phosphor.  This  is  the  first  known  exam¬ 
ple  of  a  storage  phosphor  also  forming  a  glass. 

In  the  system  B203-Ba0-BaFBr,  the  composition  2B203.5Ba0.3BaFBr 
(“2:5:3”),  as  a  glass-former  nearest  to  the  BaFBr  apex,  was  chosen  for  devitri¬ 
fication  studies.  However,  quantities  larger  than  '^5  g  crystallized  on  cooling. 
To  try  to  stabilize  the  glass,  some  of  the  B2O3  was  substituted  by  Si02,  with 
only  slight  improvement.  Further  into  the  vitreous  region,  Si02  substitution 
was  more  effective;  in  some  cases  up  to  a  third  of  the  B2O3  could  be  replaced  to 
give  stable  glasses  which  melted  at  temperatures  up  to  1 100®C. 

3.2.  Devitrification  Behaviour 

3.2.1.  B203-Ba0--BaBr2  -  When  Ba2B509Br  with  EuO  at  a  mole  fraction  of  0.01 
was  melted,  it  formed  a  yellow  glass.  After  a  heat-treatment  of  2  h  in  air  at  700°C, 
the  glass  became  opaque  and  pale  yellow.  The  devitrified  product  retained  its 
integrity  and  strength  \dien  quenched  directly  into  water.  Three  forms  of  Ba2B509Br 
were  examined  by  x-ray  powder  diffraction.  As  expected,  the  glass  showed  no  Bragg 
peaks.  The  crystalline  compound  (made  by  reacting  the  raw  materials  in  the  sohd 
state  at  800°C)  and  the  devitrification  product  showed  identical  peaks,  but  BaB204 
and  another  unidentified  phase  were  also  indicated  in  the  latter. 

A  series  of  melts  was  made,  in  which  EuO  from  0-0001  to  0*1  was  substi¬ 
tuted  for  the  equivalent  mole  fraction  of  BaO.  Glass  colour  ranged  from  pale 
yellow  to  amber  as  the  Eu  content  increased.  Each  glass  was  devitrified  and 
the  PSL  of  the  resulting  glass-ceramic  measured. 

3.2.2.  B203-Ba0-BaFBr  -  In  contrast  to  Ba2B509Br,  BaFBr  is  an  established 
commercial  storage  phosphor,  and  glasses  in  which  it  is  a  major  component 
are  therefore  of  interest.  In  the  system  B203-Ba0~BaFBr,  it  should  crystallize 
from  glasses  nearest  to  the  BaFBr  apex.  X-ray  powder  diffraction  confirmed 
its  presence  in  the  devitrified  2:5:3  composition. 

4.  PHOTOSTIMULATED  LUMINESCENCE  OF  DEVTIRIFIED 
GLASSES 

4.1.  B203-Ba0-BaBr2 

Table  1  shows  PSL  data  for  the  three  forms  of  Ba2B509Br  with  EuO  =  0*01, 
and  a  BaFBr:Eu  reference  phosphor.  The  response  is  the  peak  voltage  gener¬ 
ated  by  a  photomultiplier  from  samples  irradiated  with  a  He-Ne  laser.  Vitre- 

Table  1 


PSL  (Volts)  for  Different  Forms  of  Ba2B509Br:Eu  and  a  BaFBnEu  Reference  Phosphor 


X-ray  dose  (Rem) 

Crystalline 

Glass 

Glass-ceramic 

Reference 

0-0015 

0 

0 

0 

3-8 

17-7 

5-6 

0 

0-6 

Not  measured 
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Fig.  2.  Effect  on  PSL  of  EuO  substitution  for  BaO  in  Ba2B509Br.  EuO  concentration  is 
relative  to  1  mole  of  the  equivalent  0-56B2O3.0-33BaO.0'llBaBr2.  The  glasses  were 
devitrified  at  675°C  for  16  h  and  exposed  to  an  x-ray  dose  of  17-7  Rem. 

ous  Ba2B509Br  gave  no  response.  More  surprisingly,  the  crystals  and  glass- 
ceramic  responded  only  to  a  high  x-ray  dose.  Fig.  2  shows  the  PSL  of  the 
glass-ceramic  EuO  series  referred  to  earlier.  Even  the  peak  response,  at  EuO  = 
0*001,  was  still  very  weak. 

4.2.  B203-Ba0-BaFBr 

Melts  of  2:5:3  with  0*1  mol%  EuO  were  made  in  a  25  mm  diameter  carbon 
mould  at  975°C  in  a  reducing  atmosphere,  then  cooled  to  800°C  over  3  h.  The 
resulting  buttons  emerged  opaque  and  yellow,  with  a  coarse  crystalline  ap¬ 
pearance,  and  pits  in  the  surface  where  bubbles  had  formed.  However,  in  con¬ 
trast  to  any  previous  sample,  the  material  showed  PSL  after  exposure  to  1*5 
mRem,  a  low  x-ray  dose  similar  to  those  used  in  medical  radiography. 

5.  COMPOSITION  FOR  X-RAY  IMAGING  TESTS 

The  silica-stabilized  composition  22B2O3.5SiO2.49.9BaQ0.  lEu0.23BaFBr  was 
chosen  for  imaging  tests.  Gold  was  introduced  to  promote  uniform  nucleation. 
The  gold  source  was  an  atomic  absorption  standard  gold  solution  (1  mg  Au  per 
ml  in  5%  HCl),  diluted  so  that  the  required  amount  of  Au  was  added  via  1  ml  of 
solution  per  10  g  of  prereacted  batch.  This  wet  the  batch  uniformly  without 
flooding.  After  drying,  the  batch  was  ground  in  a  mortar  and  mixed  well  before 
melting. 

Samples  with  increasing  Au  levels  were  heat-treated  at  775°C  (previously 
deterniined  from  screening  experiments  as  a  suitable  temperature)  for  4  and  16 
h.  Their  PSL  responses,  plotted  against  Au  content  in  Fig.  3,  are  higher  for  the 
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Fig.  3.  EfFect  of  the  concentration  of  Au  nucleating  agent  on  peak  PSL.  Glasses  of  the 
composition  22B2O3.55SiO2.49  9BaO.0-lEuO.23BaFBr  were  heated  to  775°C  for  4  or  16  h, 
then  exposed  to  an  x-ray  dose  of  1-5  mRem. 


16  h  samples;  the  PSL  falls  at  first,  then  recovers  to  a  plateau  at  -^13  ppm  Au. 
Except  for  initial  additions,  then,  gold  does  not  degrade  the  PSL  response. 
Although  higher  Au  levels  might  promote  more  uniform  crystallization,  it  was 
decided  to  scale  up  to  75  g  melts  with  13  ppm  of  gold. 

Batches  were  prereacted  at  675°C  for  16  h  in  a  reducing  atmosphere,  heated 
slowly  to  1000°C,  held  for  20  min,  and  poured  into  70  mm  diameter  graphite 
moulds  in  which  the  resulting  glass  was  cooled  in  an  annealing  furnace  from 
450°C  to  room  temperature.  The  clear  greenish  discs  were  then  heat-treated  at 
775°C  for  16  h,  under  the  reducing  atmosphere,  and  cooled  slowly  to  room 
temperature.  The  products  showed  considerable  shrinkage.  They  were  opaque 
and  light  green,  but  with  some  patches  of  white  speckles.  For  the  imaging  tests, 
each  disc  was  ground  flat  on  both  faces  to  a  thickness  of  ~4  mm. 

6.  IMAGING  TESTS 

The  glass-ceramic  plates  were  used  as  sensors  in  the  imaging  tests.  Images 
were  acquired  by  a  computed  radiography  scanning  system  which  was  con¬ 
structed  at  the  Kodak  Research  Laboratories.  Scans  were  taken  using  a  30  mW 
laser  at  633  nm  with  a  100  pm  pixel  size.  The  scan  rate  was  17-5  ps  per  pixel. 
Initial  examinations  of  noise  were  done  using  a  Faxitron  x-ray  generator,  with 
a  tungsten  source  operating  at  80  kV  with  0*5  mm  Cu  and  1-5  mm  A1  filtra¬ 
tion.  The  actual  dose  under  these  conditions  was  about  80  mRem. 

The  flat-field  exposure  showed  considerable  noise  which  was  largely  corre¬ 
lated  with  the  patchy  areas  visible  to  the  naked  eye.  Images  of  a  lead  bar  taken 
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at  50  kV  using  a  30  s  exposure  with  1*5  mm  A1  beam  filtration  showed  visual 
resolution  out  to  3  cycles/mm.  This  result  is  surprisingly  good,  given  the  flat 
field  noise  and  large  sample  thickness,  and  suggests  that  a  small  crystallite  size 
is  present  in  the  glass-ceramic.  However,  the  flat-field  noise  made  it  difficult  to 
see  any  detail  in  images  of  bone  fragments. 

7.  DISCUSSION 

Unexpectedly  extensive  glass  formation  in  the  barium  haloborate  systems 
has  allowed  the  precipitation  of  known  storage  phosphors  by  the  glass-ce¬ 
ramic  process,  and  the  fabrication  of  photostimulable  x-ray  imaging  plates. 
This  suggests  that  other  haloborate  systems,  and  perhaps  other  mixed  halide- 
oxide  systems,  may  be  ripe  for  investigation.  For  example,  one  may  envisage 
glasses  in  the  Si02-BaO-BaBr2  and  Ge02-Ba0-BaBr2  systems,  from  which 
the  storage  phosphors  Ba5Si04Br6  [14]  and  Ba5Ge04Br6  [15]  might  be  precipi¬ 
tated.  Also,  one  might  be  able  to  produce  and  identify  hitherto  unknown  phases 
which  would  otherwise  come  to  light  only  after  extensive  and  laborious  solid- 
state  syntheses. 

The  imaging  plates  which  were  demonstrated  are  far  from  uniform.  How¬ 
ever,  bearing  in  mind  that  this  was  only  a  preliminary  study  to  demonstrate 
feasibility,  it  is  very  likely  that,  by  modifying  melt  compositions  and  proper¬ 
ties,  and  by  better  control  of  the  melting  and  devitrification  processes,  one 
could  fabricate  much  improved  materials. 

8.  CONCLUSION 

Extensive  glass  formation  has  been  shown  in  barium  haloborate  systems 
(sometimes  with  added  silica)  and  may  be  expected  in  other  oxyhalide  systems. 
It  is  possible  by  thermal  treatment  to  form  glass-ceramics  in  which  a  storage 
phosphor  is  present  as  the  crystalline  phase.  Radiographic  imaging  experiments 
with  glass-ceramic  plates  as  x-ray  sensors  indicate  that  they  do  indeed  func¬ 
tion  as  photostimulable  x-ray  imaging  plates. 
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LIQUID-GLASS  TRANSITION  IN  B2O3 
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The  dynamics  of  the  liquid-glass  transition,  as  well  as  the  dynamics  of  glasses 
in  general,  are  much  debated  current  issues  in  condensed  matter  physics.  It 
is  well  known  that  various  inorganic,  polymeric  and  organic  liquids  can  eas¬ 
ily  be  supercooled  down  to  the  solid  glassy  state,  but  it  is  an  open  question 
whether  the  dynamics  in  the  transition  region  of  systems  with  such  Afferent 
microscopic  interactions  follow  some  general  scenario.  An  enormous  ex¬ 
perimental  interest  in  the  phenomena  has  been  triggered  by  the  recent  theo¬ 
retical  progress  of  the  mode-coupling  theory  for  the  understanding  of  the 
transition.  Inspired  by  the  predictions  of  the  mode-coupling  theory  most 
recent  experimental  studies  of  the  transition  scenario  have  concentrated  on 
the  so  called  fragile  glassformers,  i.e.  those  with  weak  interparticle  forces 
such  as  molecular  and  ionic  glassformei;  and  found  at  least  qualitative  agree¬ 
ment  with  the  theory.  In  order  to  extend  the  experimental  tests  also  to  stronger 
network  glass  we  have  investigated  the  dynamics  in  the  glass  transition  re¬ 
gion  as  well  as  in  the  glassy  state  of  the  relatively  strong  glassformer  B2O3 
with  light  and  neutron  scattering  techniques.  A  review  of  the  results  will  be 
given  and  they  will  be  discussed  in  relation  to  current  theories  for  the  liquid- 
glass  transition. 


348 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


RELAXATION  PROCESSES  IN  BORATE  MELTS 


Brian  J.  REARDON,  John  KIEFFER,  John  E.  MASNIK 
Department  of  Materials  Science  and  Engineering 

and 

Jay  D.  BASS 

Department  of  Geology,  University  of  Illinois, 
Urbana,  IL  61801,  USA 


Using  Brillouin  light  scattering  we  have  measured  the  complex  mechanical 
modulus,  describing  the  dynamic  behavior  of  molecular  structures  in  liquid 
borates,  as  a  function  of  temperature  and  composition.  The  determination 
of  shear  and  bulk  viscosities,  as  well  as  the  complex  Poisson  ratio  at  GHz 
frequencies,  provides  detailed  insight  into  the  structural  evolution  during 
glass  formation.  Accordingly,  the  boron-oxygen  network  undergoes  two  dis¬ 
tinct  structural  reorganizations  when  cooled  from  its  most  fluid  state  to  a 
rigid  glass.  One  reorganization  is  between  the  completely  dissociated  struc¬ 
ture  and  a  three-dimensional  random  network.  This  process  is  activated  above 
1300°C.  A  second  reorganization,  between  1300°C  and  Tg,  yields  percolat¬ 
ing  domains  of  a  more  ordered  and  rigid  structure,  possibly  containing  lay¬ 
ers  with  a  large  concentration  of  boroxol  rings. 


1.  INTRODUCTION 

Due  to  their  low  melting  temperatures,  borate  glasses  are  attractive  for  ap¬ 
plications,  ranging  from  solid  electrolytes  in  batteries  and  sensors  [1,2],  to  in¬ 
line  optical  amplifiers  [3,4].  The  rather  poor  chemical  durability  of  borates,  in 
particular  in  the  presence  of  water,  has  prompted  a  continuing  quest  for  im¬ 
provements  in  these  properties  through  alloying  with  stabilizing  compounds. 
At  the  same  time,  the  glass  forming  ability  of  the  substance  cannot  be  com¬ 
promised.  Our  research  focuses  on  the  fundamental  aspects  of  glass  forma¬ 
tion,  i.e.  on  the  structural  dynamics  of  a  glass  forming  melt  upon  cooling. 

Using  Brillouin  light  scattering,  we  determine  the  complex  mechanical  modulus 
of  molecular  scale  structures.  These  structures  are  probed  in  the  GHz  frequency 
regime,  making  this  technique  sensitive  to  features  with  correlation  lengths  of 
about  100  nm  (i.e.  the  wavelength  of  thermal  phonons  at  that  frequency).  Fur¬ 
thermore,  energy  dissipating  processes  revealed  in  this  experiment  have  a  life¬ 
time  of  the  order  of  nanoseconds,  and  include  elementary  transport  phenomena 
and  reorientation  of  small  structural  entities.  These  time-  and  length  domains 
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are  most  relevant  for  processes  that  become  thermally  activated  in  the  vicinity  of 
the  glass  transition.  In  this  paper  we  summarize  the  results  for  boron  oxide  and 
binary  alkali  borates,  and  show  how  the  mechanical  impedance,  measured  on 
this  scale,  can  elucidate  the  structural  dynamics  of  supercooled  liquids. 

2.  EXPERIMENTAL 

Details  concerning  the  experimental  setup  and  the  measurement  procedure 
have  been  given  elsewhere  [5,6]  In  short,  glasses  were  prepared  from  powders 
of  boric  acid  and  alkali  carbonates,  with  a  total  impurity  content  of  less  than 
0*2%  by  weight.  Specimens  were  suspended  in  a  platinum  wire  loop  and 
mounted  in  a  gas-tight  furnace.  In  order  to  reduce  their  water  contamination, 
samples  were  first  heated  to  the  highest  temperature  and  held  for  about  12  to 
16  h.  During  this  time,  and  throughout  the  measurements,  the  furnace  cham¬ 
ber  was  purged  with  dried  air,  containing  less  than  3  ppm  of  water. 

Incident  light  was  provided  by  a  Ar  laser  at  a  wavelength  of  514-5  nm.  The 
scattered  light  was  collected  at  90°  with  respect  to  the  incident  direction,  and 
was  analyzed  using  a  six-pass  tandem  Fabry-Perot  interferometer.  The  frequency 
spectrum  of  the  scattered  light  was  deconvoluted,  to  free  it  from  instrumental 
broadening,  and  was  then  fitted  with  the  expression  for  the  dynamic  structure 
factor,  S(q,(o),  derived  in  the  framework  of  the  generalized  hydrodynamic  theory 
[7].  Accordingly,  the  frequency  of  the  inelastically  scattered  light  is  shifted  from 
that  of  the  incident  light  by  the  amount  where  Co  is  the  velocity  of  sound  and 
q  the  scattering  wavevector,  which  is  defined  by  the  scattering  geometry.  From 
the  sound  velocities  one  can  evaluate  the  elastic  constants,  which  in  the  case  of 
longitudinal  sound  waves  corresponds  to  the  longitudinal  storage  modulus,  M\ 
and  for  transverse  waves  to  the  shear  modulus,  G\  In  an  isotropic  medium,  these 
two  measures  are  sufficient  for  the  determination  of  all  elastic  constants. 

The  linewidth  F  of  the  Brillouin  peak  is  controlled  by  the  combined  effects 
of  viscosity  and  thermal  diffusivity.  The  latter  quantity  can  be  eliminated  with 
the  help  of  the  Rayleigh  peak  width,  to  yield  the  viscosity,  ri’(co).  Finally, 
assuming  linear  viscoelasticity,  one  can  relate  the  viscosity  to  the  loss  modu¬ 
lus,  M”,  by  means  of  the  simple  relationship,  M''=(coq)ri\  Hence,  as  long  as  we 
can  discern  the  spectral  features  corresponding  to  both  the  longitudinal  and 
the  transverse  sound  waves,  we  are  in  a  position  to  not  only  obtain  all  elastic 
constants  for  the  melts,  but  we  can  get  the  complex  values  of  these  moduli.  In 
particular,  based  on  the  relationship  between  longitudinal  and  shear  moduli, 
+4/3  G*,  we  can  extract  the  complex  bulk  modulus,  of  which  the  real  com¬ 
ponent  corresponds  to  the  reciprocal  of  the  compressibility  of  the  liquid,  and  the 
imaginary  component  to  the  bulk  viscosity  multiplied  by  the  probing  frequency. 

3.  RESULTS 

In  Fig.  1,  we  show  the  longitudinal  storage  and  loss  moduli  of  selected  sodium 
borate  systems,  as  a  function  of  temperature.  The  storage  modulus  of  the  glasses 
has  a  weak  temperature  dependence.  The  glass  transition  is  marked  by  a  change  of 
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Fig.  1.  Storage  (a)  and  loss  (b)  modulus  of  sodium  borates  as  a  function  of  the  temperature, 

and  for  various  compositions. 

slope  in  the  data,  and  above  Tg,  the  rate  of  structural  degradation  increases  with 
increasing  fragility  of  the  liquid.  At  the  highest  temperatures  of  these  measure¬ 
ments,  the  values  of  the  storage  moduli  for  different  systems  are  rather  close.  At 
these  temperatures,  any  resistance  to  shear  deformation  in  the  liquids  is  likely  to  be 
lost,  and  the  value  of  the  longitudinal  modulus  amounts  to  that  of  the  bulk  modu¬ 
lus.  The  loss  modulus  exhibits  a  maximum  on  the  temperature  scale,  and  the  peak 
intensity  is  larger  the  higher  the  alkali  concentration. 

At  first  sight,  the  combination  of  storage  and  loss  moduli  appear  to  follow 
closely  the  behavior  expected  of  those  of  linear- viscoelastic  media,  i.e.,  the 
loss  modulus  peaking  at  conditions  where  the  substance  transforms  from  a 
rigid  to  a  fluid  structure.  However,  thermo-rheological  simplicity  requires  that 
the  maximum  loss  modulus  amounts  to  half  of  the  difference  between  the 
storage  moduli  of  the  rigid  and  fluid  state  of  the  substance  [8].  Comparing 
scales  in  Figs  la  and  lb,  this  is  obviously  not  the  case,  especially  in  systems 
with  low  alkali  concentrations. 

In  Fig.  2,  the  loss  modulus  of  pure  B2O3  is  shown  as  a  function  of  tempera¬ 
ture.  The  appearance  of  a  small  hump  at  low  temperatures  suggests  that  sev¬ 
eral  distinct  mechanisms  are  invoked  upon  changing  the  structure  of  boron 
oxide  from  the  glass  to  the  high-temperature  melt.  The  data  has  therefore  been 
fitted  with  a  linear  combination  of  Debye  terms. 


M 


EAjfksT 


1+0)%. 


(1) 


where  M2J  is  the  relaxational  modulus,  Tq  is  the  relaxation  time  constant,  and 
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Fig.  2.  (a)  High-frequency  viscosity  of  boron  oxide,  as  extracted  from  Brillouin  spectra,  and 

(b)  comparison  with  rotational  viscometry  data  [9],  after  conversion  to  zero  frequency. 

the  activation  energy  of  the  relaxation  process.  The  index  j  refers  to  a 
particular  mechanism.  A  total  of  three  terms,  representative  of  three  different 
mechanisms,  provides  a  reasonably  good  agreement.  When  dividing  the  loss 
modulus  by  the  probing  frequency,  and  when  setting  the  remaining  (o  in  the 
denominator  of  Eq.  (1)  to  zero,  one  obtains  the  zero-frequency  viscosity.  This 
has  been  done  for  each  term  in  the  linear  combination  describing  the  Brillouin 
data,  and  is  shown  in  Fig.  2b.  The  dashed  patterns  for  the  lines  representing 
individual  mechanisms  has  been  preserved  between  the  two  graphs.  However, 
the  curve  corresponding  to  high-temperature  mechanism  cannot  be  resolved 
from  that  of  the  sum  of  all  contributions,  in  Fig.  2b.  Also  shown  in  this  figure 
are  viscosity  data  obtained  by  rotating  cylinder  viscometry,  from  three  different 
sources.  The  agreement  between  the  rotational  viscometry  data  and  that 
extrapolated  from  the  Brillouin  results  is  rather  good,  but  only  above  500°C. 
On  the  other  hand,  the  viscous  dissipation  during  fluid  flow  appears  to  be 
dominated  by  the  high-temperature  mechanism,  and  as  can  be  seen  in  Fig.  2a, 
is  registered  by  the  Brillouin  technique  only  above  500°C.  Hence,  the 
disagreement  below  that  temperature  is  not  between  measured  quantities,  but 
because  of  a  change  in  the  dominant  relaxation  mechanism.  On  the  other  hand, 
the  comparison  made  in  Fig.  2b  shows  that  the  magnitude  of  the  loss  modulus 
is  not  flawed  due  to  the  neglect  of  any  procedural  peculiarities. 

4.  DISCUSSION 

While  the  Brillouin  probe  is  no  longer  sensitive  to  the  slow  processes  which 
dissipate  energy  in  macroscopic  flow,  it  still  is  capable  of  detecting  some  low- 
energy  mechanisms  of  structural  rearrangement,  which  become  activated  im¬ 
mediately  above  Tg.  The  hump  in  the  loss  modulus  (or  viscosity)  data,  observed 
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Fig.  3.  Longitudinal,  shear,  and  bulk  viscosities  of  boron  oxide  as  a  function  of  temperature. 


between  300°C  and  800°C,  is  very  reproducible.  Due  to  a  series  of  experiments 
described  earlier  [10],  we  can  rule  out  impurities  as  the  cause  for  this  hump. 
However,  an  interesting  observation  can  be  made  when  extracting  bulk  and 
shear  viscosities  separately  from  the  Brillouin  data.  The  results  are  shown  in 
Fig.  3.  It  turns  out  that  the  hump  at  low  temperatures  can  be  almost  entirely 
attributed  to  energy  losses  during  isotropic  compressional  deformations,  while 
at  higher  temperatures  most  losses  occur  upon  shear  deformations. 

As  mentioned  earlier,  the  measurement  at  high  frequencies  allows  one  to 
determine  both  complex  conjugate  components  of  mechanical  moduli.  The 
same  holds  true  for  the  Poisson  ratio,  since  it  can  be  expressed  as  a  function  of 
the  longitudinal  and  shear  moduli,  according  to 


M*-2G 
-2{M*-Gy^ 


(2) 


The  real  and  imaginary  component  of  the  Poisson  ratio  for  B2O3  are  shown 
in  Fig.  4,  as  a  function  of  temperature.  The  glass  transition  and  structural 
degradation  towards  higher  temperatures  is  quite  obvious  from  the  real  part 
of  V.  Interestingly,  though,  v  plateaus  before  reaching  the  value  of  0*5,  which 
would  be  characteristic  of  an  incompressible  liquid.  Moreover,  the  imaginary 
component  of  v  is  non-zero.  This  means  that  in  an  oscillatory  deformation 
there  is  a  phase  shift  between  elongation  in  direction  of  the  applied  stress  and 
contraction  perpendicular  to  that  direction.  One  can  show  that  negative  val¬ 
ues  for  v”  mean  that  the  perpendicular  contraction  lags  behind  the  elongation 
in  the  direction  of  the  applied  stress.  If  v”  is  positive,  on  the  other  hand,  the 
opposite  is  true  [11]. 

This  latter  scenario  is  perhaps  less  intuitive,  and  we  suggest  the  following 
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Fig.  4.  Complex  Poisson  ratio  for  boron  oxide  as  a  function  of  temperature. 


interpretation:  The  structure  of  B2O3,  just  above  Tg,  must  be  such  that  com¬ 
pression  is  required  to  facilitate  some  kind  of  disengagement  mechanism,  and 
render  the  structure  more  compliant.  One  possible  scenario  amenable  to  this 
picture  would  be  the  breakdown  of  boroxol  rings.  Suppose  that  in  a  configura¬ 
tion  with  large  concentration  of  boroxol  rings  [12],  these  rings  would  arrange 
in  an  energetically  stable  manner,  i.e.  by  seeking  to  pair  the  borons  of  one  ring 
with  the  oxygens  of  a  neighboring  ring,  and  vice  versa.  When  rings  approach 
closely,  say  as  a  result  of  thermal  motion,  and  the  boron  moves  out  from  its 
BO3  plane,  it  can  become  temporarily  coordinated  with  four  oxygens,  and  can 
then  be  pulled  into  a  new  triangle  containing  one  oxygen  which  is  different. 
Such  a  mechanism  has  been  observed  in  molecular  dynamic  computer 
simulations  of  B2O3  [13].  The  boron  and  oxygen  which  each  have  lost  a  bond¬ 
ing  partner  in  this  process  are  next  to  bond.  Hence,  all  coordination  require¬ 
ments  remain  preserved,  but  the  topology  within  the  structure  has  changed.  In 
effect,  the  average  ring  size  increases,  creating  a  more  flexible  structure. 

While  this  proposed  mechanism  can  account  for  the  positive  values  of  the 
imaginary  part  of  the  Poisson  ratio  between  Tg  and  800°C,  and  for  the  fact 
that  within  the  same  temperature  range,  viscous  dissipation  mostly  results  from 
collisions  during  dilatational  deformations,  the  mechanism  also  implies  the 
existence  of  topologically  and  energetically  distinct  structural  states^  and  the 
transformation  between  them  as  a  result  of  temperature  changes.  The  assump¬ 
tion  of  such  distinct  structural  states  was  underlying  to  the  development  of  a 
modified  viscoelastic  model,  which  can  explain  the  discrepancy  between  the 
magnitudes  of  the  maximum  loss  modulus  and  of  the  decrease  in  storage 
modulus.  This  model  can  easily  be  generalized  to  encompass  a  distribution  of 
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Fig.  5.  Storage  and  loss  modulus  of  a  sodium  borate  system  as  a  function  of  temperature, 
and  best  fit  curves  using  the  modified  Maxwell  model. 


structural  states,  as  long  as  the  extremes  in  mechanical  behavior  are  properly 
accounted  for.  For  our  model  we  considered  one  state  to  be  ideally  elastic  and 
representative  of  a  room- temperature  glass,  and  the  other  one  to  be  viscoelastic, 
like  a  glass  melt.  The  volume  fraction  of  structure  found  in  the  rigid  state, 
(j)(T),  can  be  estimated  using  Boltzman  statistics,  with  knowledge  of  the  free 
energy  difference  between  the  structural  states, 

(piT)  =  [l  +  j’  (3) 

where  Q  is  an  energy  comparable  to  the  enthalpy  of  fusion,  and  T,  a  critical 
temperature  between  the  glass  transition  and  equilibrium  melting  temperatures  of 
the  substance.  Multiplying  0(7)  with  a  constant  Mg,  the  static  modulus  at  0  K, 
yields  the  temperature  dependent  static  modulus,  and  the  expression  for  the 
modified  Maxwell  model  is  [1 1] 


M*(«,D=M„^(r)  +  X  M,j{l-(KT)) 


Note  that  the  relaxational  modulus  now  depends  on  the  temperature  also  via 
the  term  (1-0(7)).  It  reflects  changes  in  thermodynamic  conditions,  which  bring 
about  a  gradual  release  of  rigid  structure,  and  result  in  an  increase  of  the 
relaxational  modulus  with  temperature.  As  formulated,  the  model  makes  no 
assumptions  about  the  spatial  arrangement  of  regions  corresponding  to  either 
structural  state.  However,  it  is  reasonable  to  presume  that  the  rigid  state  would 
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be  found  in  three-dimensional  percolating  domains,  even  at  modest 
concentrations,  and  that  the  transformation  between  structural  states  occurs 
at  the  domain  boundaries,  just  like  a  growth  process. 

The  capability  of  this  model  is  demonstrated  in  Fig.  5,  where  the  best  fits  of 
Eq.  (4)  to  the  data  for  a  sodium  borate  system  is  shown.  This  example  is  typi¬ 
cal,  and  for  a  more  complete  analysis  consider  Ref  [11],  Accordingly,  a  large 
fraction  of  the  decrease  in  storage  capacity  is  due  to  irreversible  structural 
changes.  The  energy  dissipated  in  the  molecular  motion  which  leads  from  one 
structural  state  to  the  other,  does  not  amount  to  the  lost  storage  capacity.  This 
is  because  the  states  corresponding  to  the  beginning  and  the  end  of  the  defor¬ 
mation  are  structurally  different.  In  other  words,  the  mechanisms  of  structural 
rearrangement  in  a  supercooled  liquid  require  less  energy  than  it  takes  to 
inelastically  deform  a  stable  structure. 

5.  CONCLUSIONS 

Brillouin  light  scattering  allows  one  to  determine  the  complex  mechanical 
modulus  of  molecular  structures.  This  measure  can  provide  important  insights 
with  regard  to  the  intermediate  and  extended  range  order.  In  the  case  of  boron 
oxide  we  found  that  viscous  dissipation  immediately  above  Tg  involves  predomi¬ 
nantly  dilatational  deformations.  Furthermore,  these  deformations  are  underly¬ 
ing  to  irreversible  structural  modifications.  While  the  glass  structure  draws  its 
rigidity  from  a  relatively  ordered  arrangement  of  small  rings,  the  supercooled 
liquid  is  characterized  by  larger  rings  that  make  up  a  continuous  random  net¬ 
work.  The  mechanism  of  transition  between  structural  states  requires  little  en¬ 
ergy,  and  involves  a  transient  configuration  with  four-coordinated  borons, 
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Pronounced  pressure-induced  phenomena  in  dynamical  and  electronic  proper¬ 
ties  of  glasses  have  been  theoretically  predicted  at  accessible  high  pressures, 
p=l  0^-10^  bar,  for  temperatures  far  below  the  glass-transition  temperature.  Their 
origin  is  eventually  related  to  atomic  “soft  configurations”  on  the  nanometer 
scale,  characteristic  of  glassy  materials  and  anomalously  sensitive  to  pressure. 


1.  INTRODUCTION 

The  influence  of  hydrostatic  pressure  (p)  on  dynamical  (and  electronic)  prop¬ 
erties  is  different  for  glasses,  including  borate  glasses,  and  the  respective  crys¬ 
talline  materials.  For  the  latter,  generally  speaking,  macroscopic  changes  in 
properties  may  be  expected  to  occur  at  p>p^=Eb/zo(5a)^  so  that  p^  is  very  high, 
p®>10^  bar,  for  “rigid”  materials  in  which  covalent  (ionic)  or  metallic  bonding 
predominates  with  the  typical  energy  Eb>l  eV,  mean  coordination  number  Zq, 
2<Zo<10,  and  atomic  spacing  a~2-3  A.  Phase  transitions  at  lower  pressure,  p<10^ 
bar  are  observed  only  in  single-crystals  in  which  appropriate  soft-phonon  modes 
are  available.  One  may  conclude  that  some  softness  is  needed  for  realizing 
macroscopic  changes  in  properties  of  solids  at  p«p^.  Hence,  the  difference 
between  crystals  and  glasses  may  be  related  to  the  different  kinds  of  softness 
in  the  two  classes  of  solids.  Actually,  glasses  at  ambient  pressure  (p=0)  are 
characterized  by  localized  softness  randomly  distributed  in  “soft  configura¬ 
tions”  of  typical  atomic  relative  concentration  Ca^=NaWo=Ca(p=0,  T=0)~10"^ 
at  T«Tg  (No=a'^)  [1].  The  universal  low-energy  dynamics  and  low-tempera¬ 
ture  properties  of  glasses  [2]  are  related  to  the  soft  configurations,  each  con¬ 
taining  a  group  of  Usm  atoms  moving  in  the  associated  localized  soft  mode, 
with  I0<n^<\0^,  e.g.  ns^«30  [1,3].  The  harmonic-force  constant  k  in  the  soft 
mode  is  anomalously  small,  k«ko~Msi„a)o^~10^eV/A^ ,  and  the  generalized  sus¬ 
ceptibility  to  distortions  is  high,  %=k“^»Xo=ko"^  (cOo~10^Vs,  M^^=n,js/L  and  M 
is  the  average  atomic  mass).  In  this  connection  the  ensemble  of  the  soft  con¬ 
figurations  is  anomalously  sensitive  to  pressure,  so  that  even  accessible,  not 
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very  high  pressure  p<10^  bar«p^  can  give  rise  to  macroscopic  changes  in  the 
properties  of  glasses. 

On  the  other  hand,  the  essential  electron  properties  of  semiconducting  glasses 
(SGs)  at  ambient  pressure  are  related  to  the  basic  charge  carriers  in  the  mobil¬ 
ity  gap,  of  typical  relative  concentration  C2®=C2(p=0,  T-0)~10"^-10^for  T«Tg 
(see,  e.g.  Refs  [1,4]  ).The  charge  carrier  is  identified  with  a  singlet  electron  (hole) 
pair  self-trapped  in  a  typical  soft  configuration,  or  a  negative-U  centre:  its 
pair-correlation  energy  U  is  negative,  at  inter-electron  attraction,  and  anoma¬ 
lously  large  in  magnitude  being  comparable  to  the  mobility-gap  width 
Eg^=Eg(p=0)  [1].  In  this  connection,  the  hybridization  of  the  electron  conduction- 
band  state  under  self-trapping  with  the  valence-band  states  in  the  gap  is  decisive  in 
this  type  of  self-trapping,  unlike  the  situation  in  the  common  polaronic  self-trap- 
ping  [1,5].  The  essential  gap  states  eventually  are  the  self-trapped  negative-U  states 
fully  occupied  by  the  singlet  pairs,  forming  the  negative-U  centres  in  the  mobility 
gap.  Thus,  the  negative-U  centres  also  exhibit  anomalously  high  sensitivity  to  pres¬ 
sure,  so  that  the  high  pressures  (p~lCf-10^)  bar  can  also  give  rise  to  fundamental 
transformations  in  the  electron  structure  and  properties  of  the  SGs. 

2.  TRANSFORMATIONS  IN  GLASSY  LOW-ENERGY  ATOMIC 
DYNAMICS  AND  ELASTIC  PROPERTIES 

The  glassy  features  implied  in  what  follows  are  associated  with  the  soft  con¬ 
figurations  basically  characterized  by  their  random  softness  parameter  which 
is  small  in  magnitude,  |  r|  |  <r|*=const~0T,  and  by  its  distribution  density  H(r|) 
[1].  The  main  question  is  how  pressure  affects  the  distribution  density  and  the 
related  total  atomic  concentration,  c^  of  the  soft  configurations. 

A  plausible  model  of  H(r|)  is  a  Gaussian-like  function  (see,  e.g.  Refs  [1,4] ): 

H(Ti)=Ho(Tl)exp[-r|,-^(l-Tl/ilo)T  (1) 

where  Ho(r|)=Ho=constant  at  least  for  pronounced  single-well  and  double-well 
potentials  at  |ri|  >0’01.  Here  rjo^l  corresponds  to  the  typical,  “rigid”,  atomic 
configurations  at  k=ko  for  the  vast  majority  (=99%)  of  atoms  in  the  glass.  The 
approximation  (1)  enables  us  to  estimate  the  atomic  concentration  c^of  the 
soft  configurations  applying  the  formula 

Ca  =  rd?7^(«)  (2) 

J  — OO 

SO  that  in  fact  (see  Section  1)  Cj?~10“^at  ambient  (and  low)  pressure. 

The  basic  parameter  in  Eqs.  (1)  and  (2),  which  may  noticeably  depend  on 
pressure,  is  Tlc=r|c(p),  characterizing  the  variation  scale  for  H(ir|),  whereas  both 
T]*  and  r|o  by  their  definition  are  universal  constants.  Two  arguments  are  help¬ 
ful  for  finding  r|c(p),  for  some  series  of  non-metallic  amorphous  materials  at 
least  (cf  Ref  [6]).  One  is  that  the  glassy  low- temperature  properties  at  ambient 
pressure  are  observed  to  be  suppressed  with  growing  effective  (average)  coor¬ 
dination  number  z.  That  is  certainly  the  case  for  amorphous  semiconductors 
which  are  covalent  glasses  at  z<Zc,  the  “critical”  value  of  z  (e.g.  z(g-Se)=2  or 
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z(g-GeSe2)=2*67<Zc),  whereas  non-glassy  covalent  materials  (with  no  pro¬ 
nounced  glassy  low-temperature  properties)  correspond  to  Zc<z<  z^^^=4,  e.g. 
a-Si  (z=4)  and  probably  a-As  (z=3>zj  [1,7].  Furthermore,  a  global  elastic  tran¬ 
sition  (not  necessary  a  phase  transition)  is  observed  in  the  materials  in  the 
sense  that  the  elastic  modulus  B(z)  rather  sharply  increases  at  z>z^,  from  B(z<7^) 
=10^  bar  for  SGs  to  B(z=4)^10^  bar  for  a-Si;  see,  e.g.  Ref  [7].  As  noted  in  the 
latter,  these  features  appear  to  reflect  the  remarkable  dichotomy  of  cohesion 
forces,  “strong”  (e.g.  covalent)  and  “weak”  (e.g.  of  van  der  Waals  origin)  in  the 
relatively  soft  glasses  at  z<Zc,  as  opposed  to  the  negligible  role  of  the  “weak” 
forces  in  the  more  rigid  non-glassy  materials  at  z>Zc .  The  “weak”  forces  char¬ 
acterize  the  interactions  between  appropriate  random  quasimolecular  units 
related  to  the  medium-range-order  (MRO)  composing  the  glass,  the  atoms  of 
each  unit  being  bound  to  each  other  by  the  “strong”  forces.  It  may  be  assumed 
in  this  connection  that  z=Zo+Az,  with  Zo  and  Az  the  contributions  of  the  “strong” 
and  “weak“  forces,  at  0<A^«Zo  for  ambient  pressure  (see,  e.g.  Refs  [7,8]).  Ac¬ 
tually  Zo  is  characteristic  of  the  ensemble  of  decoupled  quasimolecular  units 
of  which  the  effective  dimensionality  is  deff=0.  On  the  other  hand,  Az  is  the 
measure  of  the  contribution  of  more  extended  random  structures  of  the 
“weakly”  bound  quasimolecular  units  (as  if  those  are  cross-linked),  of  higher 
effective  dimensionality  defy<3. 

Within  the  framework  of  the  previously  mentioned  theoretical  soft-con¬ 
figuration  model  of  glasses  [1],  the  suppression  of  the  glassy  low- temperature 
properties  with  increasing  z  ^  z^  at  ambient  pressure  means  that  in  the  SGs 

0>dri®/dz  and  0>dCa7dz  at  ri®  =  =  0-1  and  c,^  =  c^.^^ax  ^10“^  (3) 

for  z  <  Zc,  whereas  both  r\c  and  c®  more  strongly  decrease, 

dr|c7dz  <  0  and  dCa7dz  <  0  (4) 

for  Zc<z<Zinax-  Moreover, 

ric(z  =  Z^ax)  <  )  <  ric(z  <  Ze)  at  r|e\z  =  Z^ax)  « Tlc'(z  <  z,) 

and 

Ca^(Z  =  Z^ax)  «  Ca^(z,  )  «  C®(z  <  Z,)  -lO”^ 

Another  argument  for  estimating  r|c(p)  is  that  some  empirical  data,  con¬ 
cerning  pressure  effects  for  the  optical-absorption  edge,  the  bulk  modulus  and 
the  glass-transition  temperature  may  give  rise  to  the  following  estinfation  [7,8]: 

0<  dz/dp  <  10“Vbar  (6) 

so  that  (0<)dz(p^z(p)-z(0)<l  at  the  applied  pressure,  10^<p<10^bar.  This  may 
be  interpreted  within  the  framework  of  the  model  as  follows:  actually  the 
“strong”  (e.g.,  covalent)  bonds  remain  intact  while  the  “weak”  forces  may 
enhance,  continuously  transforming  to  a  kind  of  “strong”  interaction,  with 
increasing  pressure  up  to  the  range  10^<p<10^bar«p^.  This  transformation, 
as  well  as  the  related  transformation  of  the  glass  to  a  non-glassy  material  at 
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z=z(p)>Zc=z(pc),  is  due  to  the  decrease  of  the  average  distance  between  the 
quasimolecular  units  (densification)  until  the  dichotomy  of  forces  disappears 
at  a  characteristic  pressure  p^  and  only  “strong”  forces  exist  in  the  resulting 
“continuous  random  network”  structure  of  higher  effective  dimensionality  dgff 
(e.g.  2<deff<3),  at  p>p^  and  dz~l.  In  other  words,  one  may  assume  that 

dz/dp  =  dAz/dp  »  |  dzo/dp  |  and  10^  bar  <  p^  «  p^  (7) 

and,  from  continuity  considerations  and  the  formulae  (3)-(6),  that  z  =  z(p)  is  a 
simple  function.  Then,  the  following  properties  appear  to  be  characteristic  of 
Tlc=r|,(p)^,[z(p)]  and  c=cXv)=cJiz(P)]‘ 

dric  /dp  =  0  =  dc^/dp  at  =  pc  =  OT  and  c^  =  Ca^  ~  1 0"^  (8) 

for  p«pc,  i.e.  z(p)<Zc,  whereas  Pc  and  Ca  monotonically  decrease  with  increasing 
P  for  Pc<P<Pniax  at  Z„ax=z(p^ax), 

Pc(Pmax)  <  Pc(Pc)  <  ^lc^  Or  Pc(p^ax)  =  Pc*  «  Pc^  C.g.  Pc*  «  O’ IPc^ 

and  (9) 

Ca(Pmax)  «  Ca(Pc)  «  Ca^ 

It  follows  from  Eqs.  (3)-(9)  that  the  approximation 

Pc(p)  =  Pc*  +  Pc"(l-p/Pii)0(Pii~p)  (10) 

may  be  applied  for  estimating  Pc(p),  with  the  characteristic  pressure  p^  close  to 
Pmax>  Pmax^Pii^Pc- Eq.(lO):  0(x)={  1  at  x>0;  0  at  x<0} .  The  approximation  (10) 
may  be  interpreted  as  follows:  the  distribution  density  H(p)  is  strongly  narrowed 
at  Pc  decreasing  from  Pc  to  Pc*«Pc^  so  the  soft  configurations  are  strongly 
suppressed  and  the  related  glassy  features  are  lost,  as  the  atomic  concentration 
Ca(p)  is  diminished  by  orders  of  magnitude  at  the  high  p>Pc,  Ca(p)«0'  lCa®~10“l 
In  this  connection,  p,^  may  be  estimated  from  the  formulae  (6)-(10)  as  follows: 

10^  bar  <  (dz/dp)~*  ^  Pii  <  10^  bar  (11) 

(see  also  Eqn.  (15)  in  Section  3).  As  may  be  concluded,  the  general  suppression 
of  the  soft  configurations  with  growing  pressure  appears  to  be  characteristic 
at  least  of  the  glasses  exhibiting  the  dichotomy  of  forces. 

On  the  other  hand,  the  prediction  follows  from  above  that  the  global  elastic 
transformation  is  expected  also  to  occur  in  the  given  glass  (z(p=0)<Zc)  at  high 
p==Pc  at  which  z(p)==z(pc)=Zc.  Since  Zc-z(p=0)<l  at  least  for  the  SGs,  one  may 
conclude  also  that  the  “critical”  pressure  p^  is  of  the  same  scale  as  (though 
probably  lower  than)  p^^,  so  that 

10'bar<p,<p^<  10^  bar  (12) 

It  is  worthy  of  note  that  for  a  molecular  crystal,  for  which  van  der  Waals  bonding 
is  determinative  with  the  typical  energy  Eb*~0-05-0T0  eV,  the  characteristic 
pressure  p^=Eb*/zoa^~10^-10^bar«p®~l 0^-10^  bar  (see  Section  1),  i.e.  p®*  is  of 
the  same  scale  as  pjn  the  covalent  (or  other  similar)  glasses  under  discussion. 
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The  estimations  (11)  and  (12)  appear  to  be  evidence  for  a  correlation  between 
the  predicted  strong  suppression  of  the  soft  configurations  and  a  global  elastic 
transformation  at  the  accessible  high  p>Pc,  at  which  the  glass  under 
consideration  is  transformed  to  the  respective  non-glassy  material.  Some 
correlation  also  may  exist  between  the  general  suppression  phenomenon  under 
discussion  and  the  “rigidity-percolation”  phase  transition  introduced  earlier 
(see,  e.g.  Ref  [9] )  as  a  model  for  the  global  elastic  transformation  at  a  “critical” 
value  Zc  of  z  in  amorphous  materials  at  ambient  pressure.  These  and  other 
correlations  and  the  related  quantitative  theory  of  the  revealed  basic 
transformations  in  elastic  and  dynamical  properties  of  the  glasses  at  high 
pressures  will  be  discussed  in  detail  elsewhere. 

It  is  worth  adding  that  the  general  suppression  phenomenon  (Ca(p)«Ca  = 
Ca(0)~10"^),  at  high  pressures  in  the  range  p^>p>p*~pT^r|®~0TpT^>10'^bar,  is  pre¬ 
dicted  for  the  glasses  for  which  relationships  (3)-(6)  hold.  If,  however,  for  other 
glasses  one  of  the  relationships  (4)-(6)  does  not  hold,  e.g.  dz/dp<0,  the  situa¬ 
tion  may  differ,  so  that  Eqs.(7)-(10)  are  violated,  e.g.  dCa/dp>0  and  Ca(p)  in¬ 
creases  or  weakly  changes  with  growing  p  in  the  appropriate  pressure  range. 
Such  a  behaviour  may  be  compatible  with  the  recently  observed  pressure-induced 
growth  of  the  atomic  concentration  of  the  anharmonic  (double-well)  soft-mode 
potentials  with  increasing  p^lO'^bar  («Pc)  [10]  in  vitreous  silica.  In  the  latter, 
as  well  as  probably  in  general  in  the  “strong”  glasses,  the  dichotomy  of  forces 
may  be  less  essential  and  therefore  the  pressure-induced  phenomena  may  dif¬ 
fer  from  those  in  the  fragile  (covalent)  glasses  considered  above. 

3.  PRESSURE-INDUCED  PHENOME1N14  IN  ELECTRONIC  PROPERTIES 

The  basic  question  is  how  pressure  mainly  affects  the  electron  properties  of 
the  SGs,  which  are  related  to  the  negative-U  centres  (see  Section  1).  The  re¬ 
cently  developed  theory  [5]  characterizes  the  situation  in  detail.  Let  us  focus 
here  on  the  qualitative  aspects  of  the  most  pronounced  predicted  phenom¬ 
enon  -  the  non-monotonic  variation  of  the  thermal-equilibrium  concentra¬ 
tion  C2(p)  of  the  negative-U  centres  with  growing  pressure  at  T«Tg.  The 
phenomenon  may  be  derived  from  the  basic  distribution  density  H(ri)  for  the 
random  softness  parameter  at  its  effective  value  ri=r|efYfor  the  vast  majority  of 
the  negative-U  centres.  The  parameter  is  linked  to  both  the  mobility  gap-width 
Eg  and  to  the  material  constants  y*  and  U^  [5], 

Tleff(p)  =  Y*/(E,(p)+Ud)  (13) 

Here  y*  is  the  effective  electron-soft-mode  coupling  energy  and  Ud  is  the  effective 
electron-electron  repulsion  (Hubbard)  energy,  of  typical  values  y*~(0T-0-2)Eg^ 
>Ud=0TEg^  The  g^  width  Eg  for  the  SGs  exhibits  an  approximately  linear 
decrease  with  growing  pressure, 

Eg  =  Eg(p)-E«(l-p/pg)  (14) 

in  the  pressure  range  under  consideration,  at  0<p<Pg=qxlO^  bar  and  l<q<10, 
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at  which  the  global  semiconductor-metal  transition  occurs  [8,11,12].  Since  no  global 
elastic  transformation  is  observed  in  the  SGs  at  p<Pg,  one  may  conclude  that 

Pg<p,<p  (15) 

It  is  derived  in  the  theory,  in  accordance  with  the  above  considerations,  that 
the  basic  feature  of  the  pressure  dependence  of  C2(p)  may  be  characterized  by 
the  following  expression: 

C2(P)  ~  ■nen<P)exp[-Ti,'‘(p)(l-yriefi(p))^]  (16) 

at  gsl,  which  in  particular  gives  rise  to  the  estimation  C2''^2(p-0)“10''^‘10'^  at 
typical  values  of  the  parameters  involved  (Tieff^ef^0)=0- 1-0-2,  ti“=0-1  and 
Pg/p,i=0-5-l-0). 

As  seen  from  Eqs.  (13),  (14)  and  (16),  C2(p)  varies  non-monotonically  with 
increasing  pressure.  The  latter  is  due  to  growth  in  both  r|efT(p),  from  Peff-OT  to 
rief^(pg)~l,  and  r|c"^(p),  from  (ric)"^~10  to  (r|  *)"^»10.  Therefore,  C2(p)  at  first 
decreases,  exhibits  a  minimum  at  p=Pi„in(Ud/Eg^,  pjpy)  and  then  increases  rap¬ 
idly  up  to  C2(Pg)>10c2^.  In  the  approximation  (16),  the  upper  limit  estimation, 
p^„^  for  p^„  can  be  obtained: 

PmJPg  ^  Pmin/Pg  =  Po/Pg-(2Y*pVEgPg)‘''  (17) 

where  rieff(po)=rio=l  and  Po^Pg  at  realistic  Y*>Ud,  and  Po  is  close  to  pg.  For 
actual  y*/Eg®«0T5  one  finds  that  Pmin^Pmin~(0-4“0-5)pg  at  5=Pg/p^<l,  e.g. 
Pjnin=0-35pg  is  found  from  Eq.  (17)  at  a  realistic  Ud/Eg°=0T  and  a  possible  pj 
p^=l.  Moreover,  p^^^  weakly  shifts  to  lower  values,  dpinin/d^>0,  as  |  decreases. 
Note  that  the  value  of  the  parameter  p^=^pg,  with  the  related  values  of  UJ 
Eg^,  7*/Eg®  and  experimentally  measured  Pg,  can  be  obtained  as  far  as  the 
empirical  value  of  p^m  is  found  (the  same  holds  true  for  Ud/Eg®,  if  the  values 
of  ^  and  are  known). 

Two  basic  effects  and  their  competition  are  responsible  for  the  predicted 
non-monotonic  behaviour  of  C2(p).  One  is  the  general  pressure-induced  sup¬ 
pression  of  the  soft  configurations  (Section  2)  and  then  of  the  “strong”  nega- 
tive-U  centres  of  which  the  negative  pair  correlation  energy  Ueff(p)  is  large  in 
magnitude:  Eg74<  |  Ueff(p)  I  <Eg^/2~l  eV  at  rather  low  p<Pmin<  p/2.  Another  ef¬ 
fect  is  that  the  effective  softness  rieff(p)  of  the  local  atomic  configurations,  in¬ 
volved  in  the  formation  of  the  negative-U  centers,  increases  with  growing  p. 
Since  the  distribution  density  H(r|)  increases  as  r\  varies  from  r|=0  to  r|=r|o=l, 
C2(p)  increases  rapidly  with  growing  ri=r|eff(p)  for  the  “weak”  negative-U  cen¬ 
tres  of  which  Ugff ,  remaining  negative  due  to  the  hybridization  of  states  (Sec¬ 
tion  1),  becomes  small  in  magnitude,  |  Ueff(p)  I  «E^f2.  In  fact  the  “weak” 
negative-U  centres  can  be  created  even  in  the  typical  “rigid”  configurations  at 
r|efT(p)<rieff(po)=r|(^l  and  Pmin<P^Po.  as  far  as  Eg(p)  becomes  small  enough, 
Eg(p)«Eg^  so  the  hybridization  of  the  conduction-band  and  valence-band  states 
in  the  mobility  gap  is  still  determinative  for  the  formation  of  those  negative-U 
centres. 
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Let  us  note  that  the  other  thermal-equilibrium  electron  properties  of  the 
SGs  related  to  the  negative-U  centres,  such  as  their  contribution  to  specific 
heat  ACe  and  magnetic  susceptibility  Ak^,  largely  exhibit  a  similar  pressure  de¬ 
pendence  for  high  p<10^  bar,  since  ACe°^C2(p)  and  AKeO^C2(p).  Furthermore,  the 
intensities  of  non-equilibrium  processes  (e.g.  d.c.  conductivity,  luminescence 
and  optical  absorption)  related  to  the  negative-U  centres,  I(p)ocC2(p)W(p),  also 
behave  with  growing  p,  for  high  p<10^bar,  similarly  to  C2(p),  as  far  as  the  re¬ 
spective  transition  (excitation)  probability  W(p)  can  be  shown  to  depend  more 
weakly  on  pressure. 

4.  CONCLUDING  REMARKS 

The  accessible  high  pressures  10'^<p<10^  bar  are  predicted  to  give  rise  to  the 
general  suppression  of  the  soft  configurations  and  the  related  macroscopic 
changes  in  the  low-energy  atomic  dynamics  and  elastic  properties  of  glasses, 
this  being  explicitly  argued  for  the  glasses  with  the  dichotomy  of  cohesion 
forces  as  the  most  bright  example.  These  pressures  also  determine  the  macro¬ 
scopic  changes  in  the  electron  properties  of  semiconducting  glasses. 

As  the  generalized  susceptibility  of  the  typical  soft  configuration  with  re¬ 
spect  to  atomic  distortions  is  high  (Section  1),  X~30Xo  and  so  Ca^x~0'3ctot%o 
(with  the  total  atomic  concentration  Ctot=l),  the  role  of  the  soft  configurations 
is  comparable  to  that  of  the  vast  majority  of  atoms  of  the  glass  at  ambient 
pressure  for  properties  related  to  the  distortions.  The  problem  is  what  are  the 
properties  in  question  (e.g.  is  some  aspect  of  the  glass  transition  related  to  this 
basic  feature  of  the  soft  configurations?)  and  what  are  the  high-presure  in¬ 
duced  changes  in  these  properties. 

There  are  also  competing  pressure  effects  in  the  electron  properties  of  the 
SGs  at  the  highest  pressures  in  question.  One  is  a  kind  of  the  Anderson-Mott 
delocalization  of  the  negative-U  centres.  The  problem  is  to  characterize  the  con¬ 
tribution  of  the  competing  pressure  effects  to  the  electron  properties  mentioned. 
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Latent  heats  were  measured  and  the  temperatures  of  the  glass ^melt  and 
melt^melt  transitions  were  determined  for  the  structures  that  have  been 
formed  under  normal  and  high  pressure.  Polymorphism  in  borosilicate  glasses 
and  melts  is  accounted  for,  on  the  basis  of  the  Bray  model  for  boric  oxide 
and  the  Landa-Patashinskii  model  for  silica,  and  within  the  framework  of 
the  Landau  theory  of  phase  transitions. 


1.  INTRODUCTION 

The  Bray  model  [1]  and  the  ensuing  Landa-Patashinskii  model  [2]  suggest 
that  a  relationship  exists  between  the  external  conditions  under  which  the  struc¬ 
ture  of  a  glass  or  a  melt  has  been  formed,  and  the  number  of  elementary  bo¬ 
ron-oxygen  groups  (boroxol  rings)  or  silicon-oxygen  groups  (tetrahedra)  in  the 
structural  units,  the  size  of  which  can  reach  15-20  A.  A  change  in  the  number 
of  groups  in  the  units  is  possible  in  both  solid  glasses  and  liquid  melts,  while 
the  presence  of  latent  heat  upon  this  change  is  indicative  of  a  first-order  phase 
transition  [2,3]. 

Modem  theories  of  glass  formation  and  vitrification  [4,5]  proceed  from  the 
existence  of  crystalline  modifications  in  a  chemical  system.  A  structural  unit 
within  2-3  coordinative  spheres,  in  both  the  glass  and  melt,  replicates  the  local 
order  of  a  crystal  (see  the  definition  of  a  “crystalloid”  as  a  structural  unit  in 
Ref  [3]).  Vogel  [6]  notes  that  a  “crystalloid”  of  Ref  [3]  differs  from  a  crystallite 
by  lacking  translation  symmetry  and  from  a  random  network  by  local  crystal 
similarity  (by  the  coordination  of  a  glass-forming  element,  the  number  of  el¬ 
ementary  groups  in  a  ring  or  the  number  of  rings  in  a  cycle  which  represents  a 
structural  unit). 

The  Bray  and  the  Landa-Patashinskii  models  can  also  account  for  poly¬ 
morphism  in  the  case  that  no  crystalline  modifications  exist  in  a  chemical  sys¬ 
tem:  a  change  in  the  symmet-ry  of  the  phases,  as  well  as  a  change  in  the  number 
of  groups  in  a  ring  and  the  rings  in  a  unit,  occur  independently  of  the  possibil¬ 
ity  of  forming  long-range  order  out  of  such  rings  and  units. 
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2.  MATERIALS  AND  INVESTIGATION  METHODS 

The  glass  studied  in  this  work  was  a  non-imiscible,  highly  homogeneous 
borosilicate  glass  (crown  type)  which  has  the  composition  69Si02,  IIB2O3, 
10-5Na2O,  6-5K20  (in  mol%),  a  glass  transition  temperature,  Tg=813  K  and  a 
molar  weight  of  64  g. 

The  samples  weighing  0-05  g,  of  the  powdered  virgin  glass  (glass  V),  with  0*2  g 
of  benzoylperoxide,  were  subjected  to  explosion  in  a  340  cc  volume,  oxygen- 
filled  calorimetric  bomb,  at  an  initial  pressure  of  3  MPa,  with  alumina  as  a 
standard.  Ultrafine  powder,  obtained  as  a  result  of  repeated  explosions  (glass 
E)  and  the  glass  V  were  tested  using  differential  scanning  calorimetry  (DSC), 
in  heating  and  cooling  experiments  performed  at  0-02  Ks“\  and  in  a  solution 
calorimeter  with  an  80  cc  solution  of  composition  HF:H2S04:H20=  1:1:40,  at 
298  K.  The  resulting  heating  effects  were  measured  with  an  experimental  error 
of  3-5%. 

3.  EXPERIMENTAL  RESULTS 

The  results  of  the  solution  calorimetry  reveal  that  the  enthalpy  of  glass  V  is 
1 3  kJ/mol  higher  than  that  of  glass  E.  Therefore,  these  glasses  represent  diferent 
phases,  which  may  differ  in  the  number  of  elementary  groups  in  the  structural 
units. 

Figure  1  shows  the  DSC  data  for  glass  V  and  glass  E.  As  it  is  evident  from  Fig.  1 , 
at  a  certain  temperature  Tin,E=860  K,  glass  E  transforms  into  melt  E  with  ab¬ 
sorption  of  about  10  kJ/mol;  while  at  1165  K  melt  E  transforms  into  melt  V, 
releasing  3-5  kJ/mol.  Melt  V,  obtained  from  melt  E,  transforms  into  glass  V  on 
cooling.  If  the  cooling  of  glass  E  begins  before  it  has  reached  1 165  K  on  heating, 
then  it  returns  to  the  initial  state  of  glass  E  at  a  temperature  Tc  e=920  K. 

There  are  three  characteristic  temperatures  for  sample  V: 

(a)  a  temperature  Tc,v"778  K,  at  which  a  DSC  graph,  AT=f(t),  undergoes  a 
change  in  slope  and,  in  addition,  0-27  kJ/mol  is  absorbed  on  heating; 

(b)  a  temperature  T^  v=813  K,  at  which  0-025  kJ/mol  of  heat  is  released,  while 
0-19  kJ/mol  is  absorbed,  and  which  is  identified  as  Tg; 

(c)  a  temperature  Td,v=910  K,  at  which  0*031  kJ/mol  of  heat  is  released  and 
0*35  kJ/mol  absorbed. 

Low  latent  heat  in  case  of  structure  V  and,  mainly,  the  absence  of  a  hyster¬ 
esis  on  its  heating  and  cooling,  mean  that  phase  transitions  occur  in  the  melt  at 
8 1 3  K  and  9 1 0  K,  which  are  intermediate  between  first-  and  second-order  phase 
transitions.  It  is  possible  that  those  are  conditioned  by  the  rise  of  new  kinds  of 
oscillatory  and  rotational  movements, 

4.  STRUCTURAL,  KINETIC  AND  THERMODYNAMIC  DIFFERENCES 
BETWEEN  THE  GLASS  AND  MELT 

The  conversion  of  a  melt  into  a  glass  is  realized  by  common  (for  phase  tran¬ 
sitions)  ways  of  increasing  the  free  energy,  G,  of  the  initial  phase:  by  cooling  the 
melt  and/or  increasing  pressure.  However,  within  the  existing  literature  on  non- 
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Fig.  1.  Differential  scanning  calorimetry  (DSC)  for  glasses  V  (1,2)  and  E  (3,4), 
on  heating  (1,4)  and  cooling  (2,3). 

metallic  glasses,  it  has  become  accepted,  that  the  idea  of  a  phase  transition  is 
only  applicable  to  systems  in  equilibrium  [7],  that  a  phase  transition  and  a  re¬ 
laxation  process  should  necessarily  be  considered  as  alternatives  [8]  and  there¬ 
fore  that  the  transition  of  a  melt  into  a  glass  is  not  a  phase  transition  [7,8]. 

Modern  physics  considers  phase  transitions  otherwise  [9]:  it  proceeds  from 
the  different  symmetry  of  the  phases  above  and  below  the  transition  point,  Tc, 
rather  than  from  the  phase  equilibrium  (equilibrium  is  imposible  for  the  sec¬ 
ond-order  phase  transitions).  The  time  of  relaxation  (in  the  case  of  non-equi¬ 
librium  phases)  and  the  symmetry,  undergo  abrupt  changes  at  the  transition 
point.  At  the  point  of  a  second-order  phase  transition,  the  phase  that  is  less 
symmetric  (i.e.  more  non-symmetric  phase)  transforms  into  a  more  symmetric 
phase,  so  that  only  the  latter  phase  exists  in  this  point. 

A  change  in  the  phase  symmetry  is  quantitatively  described  by  an  order 
parameter,  q,  [9],  which  is  equal  to  zero  in  the  area  of  existence  of  a  symmetric 
phase,  while  for  a  non-symmetric  phase  it  is  given  by 

q^={a(P)/2B(P)}(T-T)  (1) 

while 

G=G(P,T,q)=G(P,T)+a(P){T-Te)q^+B(P)q4  (2) 

In  Eqs.  (1)  and  (2),  P  is  the  pressure;  B(P)>0.  As  a  rule,  a(P)>0,  and  a  non- 
symmetric  phase  is  a  low-temperature  one  (T<Tc).  Exceptions  to  this  rule  are 
possible  when  a(P)<0,  and  the  non-symmeric  phase  is  a  high-temperature  one 
(T>Tc)  [9].  The  last  case  is  realized  in  the  “melt-glass”  systems. 
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Fig.  2.  Characteristics  of  glass  (T<Tc),  a  non-equilibrium  liquid  (Tc<T<Tf),  equilibrium 
liquid  (T>Tf):  (a)  specific  volume,  v,  specific  entropy,  s,  order  parameter,  q;  (b)  viscosity,  v. 

Irrespective  of  the  location  of  the  phases  on  the  temperature  scale  both  the 
compressibility  and  the  specific  heat  increase  upon  the  transition  to  a  non- 
symmetric  phase,  while  the  time  of  relaxation  increases  upon  the  transition  to 
a  symmetric  phase  [9]. 

The  transition  melt^glass  is  a  phase  transition,  because  it  is  possible:  (a)  to 
determine  the  different  symmetry  of  the  phases  involved  in  it,  (b)  to  choose  an 
order  parameter,  r|  and  by  doing  so,  (c)  to  determine  the  transition  tempera¬ 
ture,  at  which  r\  becomes  equal  to  zero. 

For  the  glass,  in  contrast  to  the  melt,  the  ergodic  theorem  is  not  observed 
[10],  and  the  level  of  the  thermal  density  fluctuations  is  frozen  in  [11].  There¬ 
fore,  we  consider  glass  (see  Ref.  [12])  to  be  a  symmetric  phase  with  respect  to  a 
non-equilibrium  melt  which  is  a  non-symmetric  phase:  the  properties  of  a  melt 
are  invariant  in  the  spatial  coordinates,  while  those  of  a  glass  are  invariant  in 
the  spatial-temporal  coordinates. 

The  same  conclusion  follows  from  Eq.  (1).  Upon  relaxation,  in  a  non-equi¬ 
librium  glass-forming  system,  the  volume  decreases  spontaneously,  while  the 
entropy  of  the  system  increases  -  otherwise  the  process  would  be  neither  re¬ 
laxation,  nor  spontaneous.  Hence,  it  follows  that  the  pressure  in  the  system  is 
negative.  This  is  caused  by  the  stresses  that  arise  in  the  system  on  fast  cooling. 
If  the  pressure  is  negative,  then  a(P)  is  also  negative,  and  the  symmetric  phase 
is  a  low-temperature  one. 

The  dependence  of  the  glass  transition  temperature  on  the  rate  of  cooling  a 
melt,  the  increase  of  the  specific  heat  and  the  compressibility  on  the  transition 
from  glass  to  melt  and  the  relation  Tin,E<Tc,E  (see  Fig.  1)  are  the  consequences 
of  the  unusual  location  of  a  symmetric  phase  versus  a  non-symmetric  phase 
on  the  temperature  scale.  All  these  regularities  follow  from  the  theory  of  phase 
transitions  [9],  if  vitrification  is  considered  from  the  point  of  view  of  a  change 
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of  the  symmetry  of  the  phases,  rather  than  a  change  of  the  temperature  of  a 
system. 

The  freezing-in  of  the  relaxation  process,  i.e.  the  transition  from  a  non-equi¬ 
librium  melt  that  exists  at  T>Tc,  to  a  glass  that  exists  at  T<Tc,  is  a  phase  tran¬ 
sition.  At  Tc,  the  time  of  relaxation  undergoes  an  abrupt  change,  while  the 
level  of  the  thermal  density  fluctuations  remain  dependent  on  temperature. 
An  order  parameter  for  the  system  (ri^)  is  the  difference  in  the  levels  of  the  heat 
fluctuations  of  density  at  T  and  TJ12,13]. 

In  Refs.  [12-14]  the  temperature  of  the  phase  transition  from  glass  to  melt, 
Tc,  is  lower  than  the  glass  transition  temperature,  Tg,  if  Tg  is  being  determined 
by  the  method  of  tangents,  rather  than  after  Tammann  [15].  Tammann  intro¬ 
duced  the  symbol  Tg  in  order  to  indicate  a  certain  temperature  at  which  a  sys¬ 
tem  acquires  brittleness,  a  property  inherent  in  solids.  The  temperature  of  the 
phase  transition,  T^  in  Refs.  [12-14],  as  well  as  the  Tg  in  Ref  [15],  is  the  solid- 
liquid  boundary  (Fig.  2).  The  method  of  tangents  shifts  Tg  to  the  liquid  state 
range  -  by  50  K  for  B2O3,  by  30  K  for  Ge02,  by  200  K  for  Si02  [12]  and  by  35  K 
for  glass  V  studied  in  this  work. 

At  temperatures  T^  and  Tf  (not  at  Tg),  the  radii  of  curvature  of  the  tempera¬ 
ture  dependences  of  the  specific  volume,  v,  the  specific  entropy,  s,  and  the  viscos¬ 
ity,  V,  v(T),  s(T)  and  logv  (1/T),  undergo  a  change.  Consequently,  the  derivatives 
of  these  functions,  (dv/dT),  (ds/dT)  and  {(l/v)(dv/d(l/T)},  undergo  an  abrupt 
change  (see  Fig.  2).  The  relaxation  time  also  undergoes  an  abrupt  change  at 
these  points,  which  confine  the  area  of  existence  of  a  non-equilibrium  liquid. 

Rapid  phenomena  are  possible,  for  which  an  equilibrium  and  a  non-equi¬ 
librium  liquids  are  different  phases.  In  this  case  it  is  possible  to  disregard  the 
relaxation  processes  in  a  non-equilibrium  liquid  which  would  appear  to  be 
symmetric  versus  an  equilibrium  liquid. 

It  is  worth  mentioning  that  the  existence  of  negative  pressure  in  a  system 
prevents  the  densification  which  is  necessary  for  the  crystallization  of  a  melt. 
For  B2O3,  densification  is  about  30%  upon  crystallization,  which  is  why  it  crys¬ 
tallizes  poorly  at  normal  ambient  pressure  but  easily  at  a  pressure  of  3 ‘5-4-0 
GPa.  At  such  pressure  a  densification  of  the  B2O3  melt  by  30%  is  possible  since 
its  compressibility  at  normal  pressure  is  about  1-3x10^^®  GPa"k 
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Boron  implantation  in  wet  synthetic  silica  glass  plates  of  thickness  1  mm 
was  carried  out  at  room  temperature.  The  acceleration  voltage  and  flux  of 
boron  ions  were  1-5  MV  and  3xlO'Vcml  Optical  absorption  bands  were 
induced  in  the  implanted  layer  at  about  5T,  5-9  and  7*6  eV.  Si-Si  direct 
bonding  was  the  major  defects  formed  in  the  layer.  The  concentration  pro¬ 
file  of  the  Si-Si  bonding  was  found  to  be  the  same  as  that  of  the  implanted 
boron.  The  intensities  of  the  defects  lines  assigned  to  3-  and  4-membered 
ring  structures  for  the  Raman  spectra  of  silica  glasses  increased  upon  im¬ 
plantation.  This  is  an  indication  of  the  bond  switching  involved  in  the  re¬ 
laxation  process  during  implantation. 


1.  INTRODUCTION 

Ion  implantation  is  a  unique  technique  for  modification  of  the  surface  layer 
in  solids  because  it  enables  one  to  introduce  simultaneously  foreign  chemical 
species  and  energy  within  a  restricted  space  whose  thickness  is  of  the  order  of 
submicrometer  to  micrometer.  The  kinetic  energy  of  the  implanted  ions  is  trans¬ 
ferred  to  or  consumed  by  the  host  lattice  through  electronic  excitations  and 
nuclear  collision  processes.  In  other  words  the  implanted  region  is  subjected  to 
a  transient  high  temperature  and  pressure,  while  the  surrounding  structures 
remain  cold.  A  wide  variety  of  chemical  reactions  is  expected  between  the 
implanted  species  and  the  host  material  depending  on  the  types  of  implanted 
species  and  host  materials.  The  above  mentioned  characteristics  and  constraints 
for  chemical  reactions  are  said  to  constitute  a  new  chemical  reaction  field. 

Silica  glass  has  been  a  useful  material  in  optics  and  optical  communication 
systems,  because  of  its  unique  characteristics  such  as  a  wide  transmission  wave¬ 
length  region,  extraordinarily  high  optical  transmission,  and  high  thermal-, 
mechanical-,  chemical-  and  photochemical-stabilities.  The  establishment  of  tech- 
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nologies  for  the  fabrication  of  high  purity  silica  glasses  played  a  central  role  in 
utilizing  some  of  these  characteristics.  In  addition,  silica  glass  is  a  good  solvent 
for  a  wide  variety  of  materials.  The  discovery  of  active  functions  in  doped  silicas 
such  as  second-harmonic  generation  [1]  and  grating  formation  [2]  seem  to  have 
stimulated  studies  of  the  surface  modification  of  silica  glasses  [3,4]. 

A  knowledge  of  the  physical  and  chemical  reactions  during  and  after  ion 
implantation  constitutes  the  essential  basis  for  designing  active  waveguides 
using  silica  as  a  substrate.  In  a  series  of  studies  of  such  chemical  reactions  we 
concentrate  here  on  boron  implantation  into  synthetic  silica  glasses.  The  for¬ 
mation  of  oxygen  deficient  defects  is  reported,  and  changes  in  the  network 
structure  during  the  implantations  are  discussed. 

2.  EXPERIMENTAL 

The  substrates  used  in  the  present  study  were  type  III  synthetic  silica  plates  of 
1  mm  thickness  with  an  OH  concentration  of  3x  lO^Vcml  Boron  implantations 
were  carried  out  at  an  acceleration  voltage  of  1-5  MV  The  total  surface  density 
of  the  implanted  ions  was  3xlO^Vcm^.  The  temperature  of  the  samples  during 
the  implantation  was  lower  than  70°C  and  no  intentional  cooling  was  done.  The 
depth  and  energy  loss  profiles  were  calculated  by  using  the  TRIM  Code  [5]. 

Implantation  induced  defects  were  identified  mostly  by  optical  absorption  meas¬ 
urements.  In  order  to  estimate  changes  in  optical  absorptions  within  an  implanted 
layei;  the  sample  surface  was  stepwisely  etched  off,  and  optical  absorption  meas¬ 
urements  were  done  repeatedly  at  each  etching  step.  The  etchant  was  diluted 
H2SO4-HF  aqueous  solution.  During  the  chemical  etching  both  sides  of  the  silica 
glass  plates,  implanted  and  unimplanted,  were  dissolved  into  the  acid.  The  thick¬ 
ness  of  the  etched  layer  in  each  step  was  calculated  from  the  corresponding  weight 
loss.  A  correction  was  made  to  take  into  account  the  difference  in  etching  rates  of 
the  implanted  and  unimplanted  surface  The  experimental  uncertainty  of  the  depth 
removed  by  etching  was  ~±10%.  As  a  consequence,  the  uncertainty  of  the  Si-Si 
bond  concentration  was  also  -^±10%,  because  the  uncertainty  of  the  absorbance 
of  7-6  eV  in  VUV  spectra  was  much  smaller  (~1%)  than  that  of  removed  thickness. 

Optical  absorption  spectra  in  the  visible-ultraviolet  region  were  measured  on  a 
Hitachi  U-4000  spectrometer  and  those  in  the  vacuum  ultraviolet  range  were  meas¬ 
ured  on  a  JASCO  VlJV-200  spectrometer.  There  was  a  small  overlapping  window 
in  the  wavelengths  of  the  two  measurements,  and  the  vuv  absorption  spectrum 
was  smoothly  connected  to  the  uv  spectrum.  The  Raman  spectrum  from  the  im¬ 
planted  surface  region  was  measured  on  a  JASCO  NR-1 100  spectrometer  with  an 
optical  microscope.  The  emission  from  an  Ar  ion  laser  (488  nm )  was  used  as  an 
excitation.  All  optical  measurements  were  done  at  room  temperature. 

3.  RESULTS 

3. 1.  Energy  Dissipation  Process 

It  is,  well  known  that  the  kinetic  energy  of  implanted  ions  is  transferred  to  the 
lattice  of  host  substrates  by  two  processes,  electronic  excitations  and  nuclear  colli- 
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Fig.  1.  Concentration  profile  of  the  implanted  borons  (upper)  and  dissipated  energies 
through  electronic  excitations  and  nuclear  collisions  as  a  function  of  depth  bottom. 


sions.  Figure  1  shows  the  simulated  eneigy  losses  through  electronic  excitations 
and  nuclear  collisions  upon  the  implantation  of  boron  in  silica  at  an  acceleration 
voltage  of  1-5  MV.  It  is  noted  that  the  major  part  of  the  energy  carried  by  the 
implanted  borons  is  consumed  by  electronic  excitations^  which  are  most  intense  at 
the  surface  and  decrease  almost  linearly  up  to  a  depth  of  2*8  jam.  On  the  other 
hand  the  nuclear  energy  loss  increases  gradually  from  zero  at  the  surface  to  a  rather 
sharp  peak  at  around  2*3  jam  and  falls  steeply  to  zero  at  2*7  pm.  It  should  be  noted 
that  the  about  99%  of  the  kinetic  energy  is  dissipated  through  electronic  excitations. 

In  the  upper  part  of  the  figure  the  concentration  profile  of  the  implanted 
borons  is  shown.  It  has  fairly  sharp  peak  around  2*5  pm. 


3.2.  Induced  Optical  Absorptions 

Figure  2  shows  the  optical  absorption  spectra  in  the  vuv-uv  region  induced  in 
the  silica  glass  by  boron  implantation.  The  spectra  were  obtained  on  the  same 
sample  which  was  subjected  to  a  stepwise  etching  of  the  surface  implanted  layer. 
The  thickness  of  the  etched-off  layer  is  given  in  the  figure.  It  is  easily  recognized 
that  at  least  three  distinct  optical  absorption  bands  were  induced  by  the  implan¬ 
tation  at  around  5*1  eV,  5*9  eV  and  7*6  eV  The  assignment  of  the  5*8-5*9  eV 
band  to  the  E’  center  [6,7]  is  well  established,  but  that  for  the  other  two  has  been 
controversial.  Unrelaxed  Si-Si  bonding[8],  divalent  silicon  [9],  and  small  sized 
silicon  clusters  [10]  were  proposed  as  the  defect  species  responsible  for  5*1  eV.  An 
accidental  coincidence  in  the  absorption  energies  is  a  possible  solution  of  the 
problem.  As  for  the  7*6  eV  band,  there  seems  to  be  a  widely  accepted  recognition 
that  the  Si-Si  bond  in  Si02  has  an  absorption  band  at  7*6  eV  [1 1].  The  following 
discussions  will  be  made  on  the  basis  of  this  assignment. 
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Fig.  2.  Boron-implanted  induced  optical  absorption  spectra  of  silica  glass. 

A  thin  layer  of  the  implanted  surface  was  stepwisely  etched  off 
The  thickness  of  the  etched  off  layer  is  given  in  the  figure. 

The  most  pronounced  observation  in  the  figure  is  that  the  induced  absorp¬ 
tion  bands  diminish  with  decreasing  thickness  of  the  implanted  layer  and  be¬ 
came  negligible  at  about  2-6  pm,  which  is  very  close  to  the  energy  dissipation 
thickness  estimated  by  the  TRIM  code  [5]. 

3.3  Concentration  Profile  of  Si-^i  Bond 

The  concentration  profile  of  the  respective  defects  is  in  principle  obtained 
by  calculating  a  difference  spectrum.  The  difference  spectra  were  obtained  by 
subtracting  the  spectrum  of  the  sample  after  etching  from  that  before  etching. 
Before  discussing  the  results,  the  reason  why  only  the  Si-Si  homobond  is  con¬ 
sidered  is  outlined.  The  oscillator  strength  of  the  7-6  eV  band  due  to  the  Si-Si 
bond  is  0-5  [1 1],  which  is  approximately  three  times  larger  than  that  of  the  5’ 8 
eV  [6,7]  band  due  to  the  E’  center.  There  are  two  possibilities  for  the  defect 
responsible  for  the  5  eV  band,  i.e.  an  unrelaxed  Si-Si  bond  [12]  and  a  POR 
[13].  No  ESR  signal  due  to  a  POR  was  observed.  Therefore,  we  assumed  that 
the  present  5  eV  band  is  due  primarily  to  unrelaxed  Si-Si  bonds  The  oscillator 
strength  of  this  defect  is  approximately  the  same  as  that  of  a  Si-Si  homobond. 
The  apparent  intensity  ratio  for  the  7*6  eV  band,  5-8  eV  band  and  5  eV  band  is 
6: 1:0*5.  Taking  the  oscillator  strength  (the  width  of  the  these  three  bands  does 
not  differ  significantly  into  consideration,  the  concentration  ratio  is  calculated 
as  6:3:0* 5.  Furthermore,  since  the  5*8  eV  band  is  located  at  the  tail  of  the 
intense  7*6  eV  band,  the  concentration  ratio  for  the  E’  center,  estimated  from 
the  resolved  spectra,  is  smaller  than  this  ratio.  Therefore,  we  consider  the  Si-Si 
homobonds  as  the  primary  defects  created  by  implantation  of  boron. 

Figure  4  shows  the  concentration  of  the  Si-Si  bond  as  a  function  of  the  depth 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


373 


PHOTON  ENERGY  (  eV  ) 

Fig.  3.  Difference  spectra  for  the  thin  layers  of  which  depth  is  given  in  the  figure. 

These  were  obtained  from  the  spectra  shown  in  Fig.  2. 

from  the  surface.  It  may  be  noted  that  the  concentration  of  the  vacancy  at  depths 
smaller  that  0*7  pm  is  negligible  It  starts  to  increase  gradually  from  0*7  pm  to  2*3 
pm.  A  sharp  peak  appears  at  around  2*4-2*5  pm,  followed  by  a  steep  decay  to 
zero  at  around  2*7  pm.  The  concentration  profile  is  vary  similar  to  that  of  the 
implanted  borons  estimated  by  the  TRIM  Code  (Fig.  1).  In  addition,  the  con- 


Fig.  4.  The  concentration  profile  of  Si-Si  bonding,  estimated  from  the  optical  absorption 
intensities  at  7-6  eV  of  the  sample  which  was  subjected  to  a  stepwise  chemical  etching. 


374 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


centration  ration  [Si-Si]/[implanted  boron]  was  found  to  be  close  to  1 .  A  similar 
1:1  relation  has  also  been  for  150  kV  acceleration  [14].  These  observation  sug¬ 
gest  that  the  presence  of  boron  is  one  of  the  necessary  conditions  for  the  forma¬ 
tion  of  a  Si-Si  bond  under  the  present  experimental  conditions. 

4.  DISCUSSION 

4.1.  Possible  Chemical  Reactions 

The  defect  species  detected  by  optical  absorption  measurements  are  of  oxygen 
deficient  type,  although  onty  Si-Si  bonding  has  been  discussed  so  far.  No  defect 
species  associated  directly  with  the  implanted  boron  was  detected.  Formation  of 
oxygen  deficient  in  Si02  is  an  indication  that  reduction  of  the  silica  glass  occurred: 
Si02  — >  Si02_x  +  xO.  Here,  Si-Si  bonding,  the  small  sized  silicon  cluster,  divalent 
silicon  and  the  unrelaxed  oxygen  vacancy  belong  to  the  family  of  defects  ”Si02_x” 

.  A  characteristic  in  the  above  reducing  reaction  induced  by  the  boron  implanta¬ 
tions  is  the  fact  that  the  ration  [Si-Si]/[B]  was  almost  1  at  any  depth  throughout  the 
implanted  layer.  We  may  speculate  from  the  observation  that  the  generated  oxy¬ 
gens  were  used  for  oxidization  of  the  implanted  borons,  or  in  other  words  oxygens 
in  the  silica  network  were  extracted  by  the  implanted  borons.  No  direct  informa¬ 
tion  was  obtained  on  the  structure  of  boron  associated  species. 

4.2.  Changes  in  Network  Structure 

As  mentioned  in  Section  2,  a  difference  in  the  etching  rate  was  detected 
between  the  implanted  and  unimplanted  surfaces,  and  densification  of  the  im¬ 
planted  layer  was  apparent  in  optical  measurements  and  direct  measurements 
of  surface  roughness.  It  seems  that  the  changes  in  macroscopic  properties  can¬ 
not  be  attributed  to  the  presence  or  formation  of  the  defects  previously  dis¬ 
cussed.  In  fact  it  seems  possible  that  structural  modification  including  bond 
switching  occurred  throughout  the  implanted  layer  during  the  ion  implanta¬ 
tion  process,  whereas  the  concentration  of  defects,  which  were  detected  long 
after  the  implantation,  was  of  order  10^^  cm"l 

Raman  scattering  spectra  of  the  implanted  and  unimplanted  surfaces  meas¬ 
ured  by  the  same  optical  system  are  displayed  in  Fig.  5.  The  spectrum  of  silica 
or  quartz  which  was  neutron  irradiated  up  to  a  total  dose  of  2x  lO^Vcm^  is  also 
shown  for  comparison  [15].  It  is  clearly  noted  that  the  intensities  of  the  defect 
lines  at  494  cm"^  and  606  cm"^  increased  upon  boron  implantation,  although 
the  signal  to  noise  ratio  was  not  high.  The  defect  lines  are  assigned  to  the  six 
membered  ring  and  the  eight  membered  ring,  respectively  [16].  The  change  in 
the  fractions  of  these  structural  units  in  the  silica  network  is  direct  evidence  of 
the  fact  that  bond  switching  in  unit  time  and  in  unit  volume.  As  far  as  we  are 
aware,  no  direct  information  on  bond  switching  was  higher  than  the  concen¬ 
tration  of  Si-Si  bonding,  which  was  close  to  1(F^  cm~^  In  rough  estimation  the 
average  energy  transferred  to  a  single  atom  constituting  the  silica  glass  amounts 
to  10^-10"^  eV.  Therefore,  the  drastic  situation  that  almost  all  of  the  Si-O  bind¬ 
ing  in  the  layer  was  broken  at  least  once  seems  likely. 
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Fig.  5.  Raman  spectra  of  the  implanted  and  unimplanted  surfaces  if  the  boron  implanted 
silica  glass  were  measured  on  the  same  optical  system. 

The  spectrum  obtained  for  neutron  irradiated  silica  is  shown  for  comparison. 


5.  CONCLUSION 

Implantation  of  boron  into  wet  synthetic  silica  glasses  was  carried  out,  and  the 
formation  of  defects  and  changes  in  network  structure  were  examined  optically. 

Si-Si  direct  bonding  and  oxygen  deficient  defects  were  induced  throughout 
the  implanted  layer.  The  concentration  profile  of  the  Si-Si  bonding  was  close 
to  as  that  of  the  implanted  boron  atoms,  and  the  concentration  ratio  between 
the  Si-Si  bond  and  implanted  boron  was  found  to  be  close  to  1 . 

Defect  lines  attributable  to  certain  ring  structures  in  silica  were  found  to 
grow  during  the  ion  implantation.  This  is  an  indication  of  bond  switching 
during  the  implantation. 
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EFFECT  OF  THE  COMPOSITION  OF  SOME  LEAD  BORATE 
GLASSES  CONTAINING  URANIUM  AND  TIN  IONS  ON 
THEIR  OPTICAL  ABSORPTION  CHARACTERISTICS 
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The  optical  absorption  curves  of  lead  borate  glasses  of  the  nominal  compo¬ 
sitions  (in  mol%)  (100-x)B2O3.xPbO,  containing  y  and  z  gram  atoms  of 
uranium  and  tin,  respectively  per  100  gram  glass,  were  studied  in  the  range 
300-900  nm  (where  x=40,  52,  56,  and  60,  y=0-0T,  and  z=0,  0-05,  OT  or  0-2). 
The  U-Sn-free  glass  samples  appeared  colorless  or  with  a  yellow  tint  de¬ 
pending  on  the  amount  of  PbO.  These  glass  samples  show  no  absorption 
characteristics  in  the  visible  region.  However,  their  UV  cut  off  shifts  to¬ 
wards  longer  wavelengths  with  increasing  PbO  content.  U-doping  causes  a 
further  shift  of  the  UV  cut  off  towards  longer  wavelengths,  in  addition  to 
the  development  of  two  absorption  bands  at  410-440  and  480-495  nm  due 
to  ions  in  uranyl  groups.  The  simultaneous  presence  of  Sn-ions  with  U- 
ions  in  glass  samples  with  more  than  40  mol%  PbO  causes  the  development 
of  two  other  absorption  bands  at  625-650  and  820-840  nm  due  to  and 
U^"',  respectively.  The  results  are  discussed  on  the  bases  of  redox  reactions 
between  Sn"''  and  and  of  the  stability  of  in  the  glass  samples  with 
the  lowest  PbO  content. 


1.  INTRODUCTION 

Uranium  forms  different  compounds  in  which  it  acts  as  a  cation  of  different 
oxidation  states  or  partially  as  an  anion.  Under  oxidizing  conditions  is  the 
stable  form.  The  uranyl  and  uranate  groups  are  derivatives  of  this  state  [1].  It 
was  reported  [2]  that  the  general  appearance  of  the  spectra  of  the  uranium 
complexes  is  almost  identical  but  the  overall  intensities  vary  in  different  com¬ 
plexes.  Four  different  states  of  uranium  ions  can  be  detected  in  glass,  viz.,  U^ 
(in  uranyl  U02^‘^  or  uranate  U04“  groups),  and  U^^.  The  ions  are 

very  rarely  formed  in  glasses,  but  may  be  formed  in  some  borosilicate  glasses  in 
the  presence  of  strong  reducing  agents  [3].  The  absorption  spectra  of  U^^  in 
borate  glasses  have  been  found  [4]  to  be  similar  to  those  in  aqueous  solution, 
especially  in  those  glasses  of  low  alkali  content.  The  colors  produced  by  ura¬ 
nium  in  silicate  and  borosilicate  glasses  have  been  extensively  discussed  [1]. 

Changes  of  the  spectroscopic  features  in  some  borate  glasses  have  been  in¬ 
vestigated  as  a  function  of  the  uranium  content  [5].  The  absorption  and  lumi¬ 
nescence-characteristics  of  uranium  activated  boron  oxide  glasses  were  also 
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studied  [6].  The  effect  of  gamma  irradiation  on  the  absorption  characteristics 
[7]  and  the  oxidation  states  of  uranium  [8]  in  aluminoborate  glasses  have  been 
investigated.  In  the  present  work  the  absorption  characteristics  of  uranium- 
ions  in  lead  borate  glasses  with  different  PbO  content  is  investigated  partly  in 
combination  with  tin  ions. 

2.  EXPERIMENTAL 
2.1.  Uranium-free  Specimens 

A  series  of  lead  borate  glasses  (Table  1),  containing  40-60  mol%  PbO,  were 
prepared.  The  glass  with  the  least  PbO  content  visually  appeared  colorless 
while  other  glasses  appeared  yellowish.  The  materials  used  for  the  preparation 
used  were  analytical-grade  chemicals.  Glass  batches  were  melted  in  platinum 
crucibles  at  900-1050°C,  according  to  the  glass  composition,  in  an  electrically 
heated  furnace.  After  melting  for  two  hours,  part  of  the  melt  was  poured  in  a 
clean  dish  and  quenched  in  air;  this  part  will  be  referred  to  as  the  parent  glass. 
The  other  part  of  the  melt  (which  remained  in  the  crucible)  was  cast  onto  a 
preheated  clean  rectangular  iron  plate,  which  was  immediately  transferred  to 
an  annealing  muffle  furnace  at  400°C. 


Table  1 

Positions  and  Possible  Assignments  of  the  Observed  Bands  in  the  Spectra  of  the  Binary 
Lead  Borate  Glasses  Investigated. 


Possible  Assignment 
Glass  X  y 

No.  PbO  U 

z 

Sn 

U6+  U6+ 

Band  Position 

B  C 

U4+ 

G 

M 

Colour 

1 

40 

- 

- 

- 

- 

- 

_ 

Colourless 

lU 

40 

0-1 

- 

410 

480 

- 

_ 

Yellow 

la 

40 

0-1 

0-05 

430 

495 

- 

- 

Yellow 

lb 

40 

0-1 

O'l 

430 

480 

- 

- 

Golden-yellow 

Ic 

40 

0-1 

0-2 

430 

480 

- 

- 

Yellow 

2 

52 

- 

- 

- 

- 

- 

- 

Yellowish  tint 

2U 

52 

0-1 

- 

435 

490 

- 

- 

Brownish-yellow 

2a 

52 

01 

005 

* 

485 

650 

825 

Yellowish-green 

2b 

52 

0-1 

0-1 

* 

490 

650 

820 

Greenish-yellow 

2c 

52 

01 

0-2 

* 

490 

650 

830 

Pale  green 

3 

56 

- 

- 

- 

- 

- 

- 

Pale  yellow 

3U 

56 

0-1 

- 

435 

495 

- 

- 

Brownish-yellow 

3a 

56 

01 

0-05 

435 

490 

635 

840 

Yellowish-green 

3b 

56 

0-1 

0-1 

435 

460 

645 

840 

Green 

3c 

56 

0*1 

0-2 

450 

650 

840 

Greenish-yellow 

4 

60 

- 

- 

- 

- 

- 

- 

Yellow 

4U 

60 

0-1 

- 

440 

495 

- 

_ 

Brownish-yellow 

4a 

60 

0-1 

0-05 

435 

490 

625 

820 

Yellowish-green 

4b 

60 

0-1 

0-1 

* 

* 

635 

820 

Olive  (deep  green) 

4c 

60 

0-1 

0-2 

* 

* 

635 

825 

Green 

*The  position  is  not  clearly  identified;  x  in  mol%;  y  and  z  in  gram  atoms  per  100  gram  glass 


378 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


300  400  500  600  700  800  900 

Wavelength  (nm) 

Fig.  1.  The  eflfect  of  base  glass  composition  on  the  optical  absorption  spectra  of  U-  and  Sn- 

free  glasses. 

2.2.  Uranium  and  Tin-Containing  Specimens 

The  quenched  parent  glass  was  crushed  and  used  as  a  synthetic  model  glass 
for  incorporation  of  uranium  and  tin  ions.  U02(CH3C00)2.2H20  was  used  to 
incorporate  0- 1  g  atom  of  uranium  per  100  g  glass.  The  added  ingredients  were 
thoroughly  mixed,  then  the  batches  were  melted,  cast,  and  annealed  as  previ¬ 
ously  described.  SnO  was  used  to  incorporate  0-05,  OT  and  0-2  g  of  Sn  atom 
per  100  g  glass. 

2.3.  Optical  Absorption  Measurements 

The  optical  absorption  in  the  region  300-900  nm  was  measured  using  a  re- 
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cording  Uvicon  860  Spectrophotometer  (Kontron  Swiss  Company).  The  spec¬ 
tra  are  presented  in  terms  of  absorbence  per  cm  versus  wavelength  (nm)  to 
facilitate  comparison  of  samples  with  different  thickness. 

3.  RESULTS  AND  DISCUSSION 

3.1.  The  Optical  Absorption  of  U-Free  Glasses 

Figure  1  shows  no  absorption  bands  in  the  visible  region.  However,  as  the 
PbO  content  increases  the  UV-absorption  edge  of  the  glass  shifts  towards  longer 
wavelengths.  It  shifts  from  345  to  375  nm  in  glasses  containing  40  and  60  mol% 
PbO,  respectively  This  shift  explains  the  change  of  the  visual  colors  of  the  glasses 
from  colorless  (glass  no.  1)  to  yellow  (glasses  nos.  2-4).  This  shift  can  be  consid¬ 
ered  as  evidence  for  the  existence  of  Pb'^'",  since  this  would  give  rise  to  the  elec¬ 
tron-transfer  absorption  which  has  its  maximum  at  longer  wavelength  than  that 
of  Pb^"^  [9,10].  The  probability  of  formation  of  the  dipole  [Pb'^‘'(2e")]^^  [11],  rep¬ 
resents  an  alternative  explanation  for  the  yellow  and  colorless  appearance  of 
lead  borate  glasses.  This  dipole  is  responsible  for  the  asymmetric  environment  of 
Pb^""  ions  by  oxygen  ions  in  these  yellowish  glasses.  If  these  ions  (Pb^"')  are  moved 
into  a  symmetric  environment,  the  color  is  destroyed  and  the  glass  appears  less 
colored  or  colorless.  Consequently,  the  Pb^^  ions  in  glass  no.  1,  with  the  least 
PbO-content,  are  present  in  symmetrical  sites  and  in  high  proportions. 

3.2.  The  Optical  Absorption  of  Uranium-Doped  Glasses 

The  absorption  spectra  of  uranium-containing  glasses  in  Fig.  2  show  two 
absorption  bands  B  and  C,  at  about  410-440  and  480-495  nm  ,  respectively. 
When  the  positions  of  these  bands  are  compared  with  those  recorded  by  other 
workers  [12-16]  the  bands  B  and  C  can  be  attributed  to  the  optical  absorption 
of  U^^  associated  with  uranyl  groups.  It  has  been  suggested  that  U^"’  is  present 
in  uranyl  or  in  uranate  groups  depending  upon  the  basicity  of  the  glass  and 
that  the  colour  change  from  pale  greenish  to  deeper  yellow  is  due  to  the  shift 
of  the  uranyl  -uranate  equilibrium  towards  uranate  groups  [1]. 

Comparison  of  the  absorption  spectra  of  solutions  containing  uranium  ions 
has  led  to  the  conclusion  [17]  that  it  is  unlikely  for  U^'^  to  occur  as  the  uranate 
group  UO4”  in  basic  glasses  and  that  it  is  present  in  uranyl  groups  for  all  alkali 
contents.  This  uranyl  group  is  probably  present  in  glasses  no.  1U-4U  as 
[U02(02)]^“  with  considerable  increase  in  structural  asymmetry  which  may  ex¬ 
plain  the  high  increase  in  the  intensities  of  the  two  bands  B  and  C  as  the  PbO 
content  is  increased. 

From  Figs  1  and  2,  it  can  be  noticed  that  the  addition  of  uranium  ions  to 
lead  borate  glasses  causes  the  UV  absorption  edge  to  shift  further  towards 
longer  wavelengths.  It  shifts  from  345-375  to  355-415  nm.  This  shift  may  sug¬ 
gest  either  a  weakening  of  the  bonding  in  the  glass  structure  or  the  formation 
of  Pb^'"  ions  coordinated  by  four  oxygens  in  the  glass  structure,  with  higher 
proportions  as  the  PbO  content  is  increased.  Durability  studies  indicated  [18] 
that  doping  of  lead  borate  glasses  with  uranium  ions  retards  the  dissolution 
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Wavelength  {nm) 

Fig.  2.  The  effect  of  base  glass  composition  on  the  optical  absorption  spectra  of  U- 

containing  glasses. 

rate,  which  suggests  that  the  first  suggestion  is  unlikely. 

3.3.  Effect  of  Ions  on  Uranium  Oxidation  States 

The  addition  of  Sn^^  to  uranium-containing  glasses  (1U,2U,3U  and  4U  ) 
induces  visual  colour  changes  (Table  1)  from  yellow  (for  the  glass  with  the  least 
PbO  content )  to  yellowish-green  and  even  green  colors  (for  glasses  with  52,  56 
and  60%  PbO).  This  change  in  coloration  indicates  the  formation  of  lower 
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300  400  500  600  700  800  900 

Wavelength  {  nm  ) 

Fig.  3.  The  effect  of  base  glass  composition  on  the  optical  absorption  spectra  of  U-  and  Sn- 

containing  glasses. 

oxidation  states  of  uranium  in  appreciable  amounts  in  those  glasses  with  more 
green  coloration.  Figure  3  shows  the  development  of  bands  G,  M,  B  and  C  in 
glasses  with  the  highest  tin  content  at  varying  PbO  content.  Table  1  illustrates 
the  positions  of  these  bands.  The  bands  G  (at  625-650  nm),  and  M  (at  820-840 
nm)  can  be  attributed  to  and  respectively.  The  formation  of  lower 
oxidation  states  of  uranium  suggests  the  occurrence  of  the  redox  reactions: 

+  Sn^^  ^  +  Sn^^ 

2U^"  +  Sn^"  ^  2U'"  +  Sn"^ 

The  acidity  and  basicity  of  the  glasses  seem  to  be  connected  with  the  reduc- 
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tion  susceptibility,  but  may  be  not  the  only  factors  which  affect  the  reducibility 
of  uranium  ions  in  the  glasses  studied.  The  above  reactions  seem  more  likely 
to  occur  in  borate  glasses  with  52-60  mol%  PbO  than  in  the  glass  with  40 
mol%  PbO.  It  can  be  seen  that  the  uranium  ions  in  the  latter  glass  are  difficult 
to  interact  with  Sn^^.  These  results  may  indicate  that  increasing  PbO-content 
decreases  the  stability  of  the  oxidation  state,  thus  rendering  it  more  sus¬ 
ceptible  for  reduction  by  tin  ions  as  revealed  by  the  more  intense  and  well 
developed  bands  due  to  Lf  and  states.  A  field  stabilization  may  be  brought 
into  the  glass  by  the  presence  of  dominant  adequate  coordination  sites  for 
(uranyl  ions)  in  the  glass  matrix  [3]. 
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HYPERSENSITIVITY  OF  NEODYMIUM  IONS  IN 
SODIUM  BORATE,  SODIUM  SILICATE,  AND  SODIUM 
BOROSILICATE  GLASSES 
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The  optical  absorption  spectra  of  sodium  borate,  sodium  silicate,  and  so¬ 
dium  borosilicate  glasses  containing  different  amounts  of  the  network  modi¬ 
fier  and  1  mol%  Nd203  are  compared.  Special  emphasis  is  laid  on  the  shape 
of  the  hypersensitive  transition  '^l9/2->'‘G5/2  of  the  Nd^'"  ions  which  changes 
significantly  with  the  composition  in  sodium  borate  and  sodium  borosili¬ 
cate  glasses,  but  is  remarkably  constant  in  sodium  silicate  glasses.  The  shape 
of  this  transition  strongly  depends  on  the  symmetry  and  strength  of  the 
crystalline  field  acting  on  the  Nd^^  ions.  Generally,  a  difference  in  its  shape 
demonstrates  a  difference  in  the  environment,  or  conversely,  similar  envi¬ 
ronments  will  produce  similar  shapes.  The  constancy  of  the  shape  in  sodium 
silicate  glasses  provides  an  easy  method  for  estimating  the  partitioning  of 
the  Nd^^  ions  between  boron  and  silicon  rich  portions  in  sodium  borosili¬ 
cate  glasses.  A  correlation  of  these  results  with  the  structural  model  of  Bray 
and  co-workers  on  sodium  borosilicate  glasses  is  attempted. 


1.  INTRODUCTION 

The  continuing  interest  in  glasses  doped  with  lanthanide  ions  is  based  on 
their  potential  application  as  laser  materials,  amplifiers,  and  up-converting 
phosphors.  Extensive  investigations  of  the  absorption  and  luminescence  proper¬ 
ties  of  these  ions  in  different  glass  types  as  well  as  in  glasses  of  the  same  type  but 
with  different  compositions  have  indicated  significant  and  characteristic  effects 
of  the  glass  host  on  the  ions  optical  spectra  [1-6],  In  oxide  glasses  the  addition  of 
a  network  modifier  leads  to  the  creation  or  annihilation  of  structural  groups 
differing  in  their  space  requirements  and  in  the  relative  number  of  bridging  oxy¬ 
gens  (BO)  and  non-bridging  oxygens  (NBO).  Hence  continuous  changes  of  the 
molar  volumes,  densities,  packing  ratios,  etc.,  result.  On  the  microscopic  scale 
lanthanide-oxygen  distances,  partial  oxygen  charges  and  rare-earth  coordina¬ 
tion  numbers  are  affected.  These  properties,  however,  are  relevant  for  the  optical 
spectra  because  positions,  shapes  and  intensities  of  electronic  f-f  transitions  de¬ 
pend  to  some  extent  on  the  distribution  of  charges  in  the  first  coordination  shell. 
The  continuous  changes  of  the  above  mentioned  bulk  properties  are  thus  re¬ 
flected  in  continuous  changes  of  the  optical  spectra.  There  are  some  f-f  transi- 
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tions  in  lanthanides  which  are  exceptionally  sensitive  to  changes  in  the  ions  envi¬ 
ronment.  They  are  called  hypersensitive  transitions  (h.s.t.)  and  conform  to  the 
free-ion  quadrupole  selection  rules  AS==0,  AL^,  AJ^  [7,8].  Here  S,  L,  and  J  are 
the  spin,  orbital,  and  total  angular  momentum  quantum  numbers  of  the 
states  involved  in  the  transition.  While  several  different  mechanisms  have  been 
proposed  which  lead  towards  a  quantitative  understanding  of  the  phenomenon 
of  hypersensitivity  in  rare-earth  ions  [9-14],  only  in  very  few  single  crystals  with 
well  defined  rare-earth  environment  is  a  semi-quantitative  agreement  between 
observed  and  calculated  h.s.t.  intensities  obtained  [15],  Nd^'^  has  a  h.s.t.  which  is 
conveniently  placed  in  the  visible  range.  The  shape  of  the  h.s.t.  depends  on  the 
symmetry  and  strength  of  the  crystalline  field  acting  on  the  Nd^**"  ions  [16-19].  In 
the  present  contribution  Nd^^  is  used  as  a  probe  demonstrating  to  what  extent 
the  structural  changes  in  sodium  borate,  sodium  silicate,  and  sodium  borosili- 
cate  glasses  with  increasing  modifier  content  are  reflected  in  the  changes  of  the 
h.s.t.  shape.  The  chosen  glass  systems  have  the  advantage  of  being  well  charac¬ 
terised  by  different  experimental  methods  as  well  as  by  structure  simulations. 
For  all  three  glass  types  structural  models  derived  from  the  experimental  data  do 
exist.  This  is  mainly  due  to  the  outstanding  contribution  of  EJ.  Bray  and  co¬ 
workers  to  this  field  [20-24]. 

2.  EXPERIMENTAL 

Glasses  with  the  composition  xNa20.yB203.zSi02  (x,  y,  z  are  mol  %)  to  which 
was  added  1  mol  %  Nd203  were  prepared  (Table  1).  The  glasses  were  obtained  by 
melting  appropriate  amounts  of  analytical  grade  Na2C03  Si02,  H3BO3,  and 
Nd203  (99*99%)  in  platinum  crucibles  for  1*5  to  2  h  at  temperatures  between 
850-1000°C  for  sodium  borates,  900-1050°C  for  sodium  borosilicates  and  1600°C 
for  sodium  silicates.  The  melts  were  quenched  between  metal  plates.  The  flat 
samples  were  ground  and  carefully  polished  for  the  optical  measurements. 

The  optical  spectra  in  the  visible  range  (12000-30000  cm“^)  were  recorded 
with  a  spectrophotometer  equipped  with  a  f=0*25  m  Czemy-Turner  double 
monochromator  and  photomultiplier.  For  low  temperature  measurements  (20 
K)  the  same  spectrometer  was  used  in  combination  with  a  closed  cycle  helium 
cryostat.  The  density  was  determined  using  the  pycnometer  method.  Nd^^  con¬ 
centrations  were  calculated  from  the  densities.  Table  1  contains  the  correspond¬ 
ing  compositions,  densities,  and  Nd^"^  concentrations.  The  fraction  of  Nd^^  in 
the  silicate  portion  of  the  ternary  glasses,  which  is  also  included  in  Table  1 ,  was 
determined  by  the  method  explained  in  the  text. 

3.  RESULTS  AND  DISCUSSION 
3.1.  Absorption  Spectra 

The  absorption  spectra  of  Nd^^  ions  doped  into  oxide  glasses  consist  of 
transitions  from  the  ground  state,  ^19/2,  to  a  number  of  excited  states.  All 
states  are  crystal-field-split  by  the  influence  of  the  immediate  environment 
(i.e.  the  first  coordination  shell)  which  consists  of  oxygens  from  the  glass  host. 
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Table  1 

Composition*,  Densitiy,  Nd  Concentration  and  Fraction  of  Nd^"*"  in  the  Sodium  Silicate 

Portion  of  the  Glass  Samples 


Composition  (mol  %) 
xNa20  yB203  zSi02 

R= 

Na20/B203 

K= 

Si02/B203 

Density 

(g/cm^) 

Nd^-Conc- 

(mol/dm’) 

Fract-  of  Nd- 
in  Si02  (%) 

Sodium  Borate  Glasses 
10  90 

0-111 

2-099 

0-5869 

12-5 

87-5 

- 

0-143 

- 

2-147 

0-6019 

- 

15 

85 

- 

0-176 

- 

2-194 

0-6167 

- 

17-5 

82-5 

- 

0-212 

- 

2-237 

0-6305 

- 

20 

80 

- 

0-250 

- 

2-282 

0-6449 

- 

27-5 

72-5 

- 

0-379 

- 

2-373 

0-6760 

_ 

30 

70 

- 

0-429 

- 

2-377 

0-6790 

- 

33-3 

66-7 

- 

0-499 

- 

2-427 

0-6957 

_ 

35 

65 

- 

0-538 

- 

2-430 

0-6979 

- 

37-5 

62-5 

- 

0-600 

- 

2-444 

0-7038 

_ 

Sodium  Silicate  Glasses 
28  -  72 

2-573 

0-8120 

100 

30 

- 

70 

- 

- 

2-581 

0-8141 

100 

33-3 

- 

66-7 

- 

- 

2-596 

0-8180 

100 

35 

- 

65 

- 

- 

2-600 

0-8188 

100 

37-5 

- 

62-5 

_ 

- 

2-615 

0-8230 

100 

40 

60 

- 

- 

2-630 

0-8271 

100 

42-5 

- 

57-5 

- 

. 

2-635 

0-8189 

100 

45 

- 

55 

- 

- 

2-646 

0-8309 

100 

47-5 

- 

52-5 

- 

- 

2-674 

0-8390 

100 

50 

- 

50 

- 

- 

2-740 

0-8591 

100 

Sodium  Borosilicate  Glasses 

16  64  20  0-250 

0-313 

2-290 

0-6620 

0-5 

20 

60 

20 

0-333 

0-333 

2-390 

0-6939 

1-5 

22-9 

57-1 

20 

0-401 

0-350 

2-448 

0-7130 

2-0 

24-8 

55-2 

20 

0-449 

0-362 

2-446 

0-7139 

2-5 

26-7 

53-3 

20 

0-500 

0-375 

2-478 

0-7248 

4-0 

28-4 

51-6 

20 

0-550 

0-387 

2-533 

0-7423 

6-5 

30 

50 

20 

0-600 

0-400 

2-538 

0-7250 

10-0 

33 

47 

20 

0-702 

0-426 

2-533 

0-7461 

26-5 

17-1 

42-9 

40 

0-399 

0-932 

2-450 

0-7290 

2-5 

18-6 

41-4 

40 

0-449 

0-966 

2-485 

0-7406 

3-0 

20 

40 

40 

0-500 

1-000 

2-499 

0-7460 

3-5 

21-3 

38-7 

40 

0-550 

1-034 

2-533 

0-7572 

4-0 

22-5 

37-5 

40 

0-600 

1-067 

2-541 

0-7607 

7-0 

25 

35 

40 

0-714 

1-143 

2-558 

0-7679 

15-5 

28 

32 

40 

0-875 

1-250 

2-576 

0-7760 

32-0 

30 

30 

40 

1-000 

1-333 

2-590 

0-7820 

21-0 

10 

30 

60 

0-333 

2-000 

2-371 

0-7199 

2-0 

13-3 

26-7 

60 

0-498 

2-247 

2-488 

0-7583 

5-0 

16 

24 

60 

0-667 

2-500 

2-538 

0-7760 

6-0 

20 

20 

60 

1-000 

3-000 

2-549 

0-7829 

22-0 

25 

15 

60 

1-667 

4-000 

2-587 

0-7993 

47-0 

30 

10 

60 

3-000 

6-000 

2-581 

0-8021 

21-0 

*  ...  1  mole  Nd203  was  added  per  100  mole  glass. 
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14000  18000  22000  26000  cm* 

Fig.l.  Optical  absorption  spectra  recorded  at  20  K  of  sodium  borate  (a),  sodium  borosilicate 
(b)  and  sodium  siliciate  glasses  (c)  containing  1  mol  %  Nd203. 

Due  to  the  absence  of  long  range  order  in  the  glass  the  micro  symmetry  around 
the  Nd^'^  ions  differs  slightly  from  site  to  site  and  therefore  the  transitions  are 
inhomogeneously  broadened  with  typical  halfwidths  of  ca.  200  cm“^  for  iso¬ 
lated  bands.  Figure  1  shows  exemplary  spectra  of  a  sodium  borate  (bottom),  a 
sodium  borosilicate  (middle)  and  a  sodium  silicate  glass  (top).  The  most  pro¬ 
nounced  differences  in  these  spectra  appear  in  the  intense  absorption  band 
centred  at  17200  cm"^  which  consists  of  transitions  to  the  two  excited  states 
"^05/2  and  '^G-112.  These  two  states  are  already  close  in  energy  in  the  free  ion  and 
therefore  usually  not  resolved  in  glasses  and  solutions  due  to  the  inhomogeneous 
broadening  of  the  absorption  bands.  The  '^l9/2^'‘G5/2  transition  of  Nd^^  is  hyper¬ 
sensitive.  The  region  of  the  h.s.t.  is  shown  in  the  expanded  scale  view  of  Fig.  2(a) 
for  all  sodium  borate  glasses  and  in  Fig.  2(b)  for  the  sodium  silicate  glasses  inves¬ 
tigated.  The  traces  are  offset  against  each  other  with  increasing  modifier  content 
on  the  absorbance  axis.  For  later  reference  the  four  distinct  features  of  the  h.&t. 
shape  are  labelled  with  letters  A-D.  In  Fig.  3  the  same  spectral  region  is  displayed 
for  the  sodium  borosilicate  glasses  with  20,  40,  and  60  mol%  Si02. 

3.2.  Shape  of  the  Hypersensitive  Transition 

From  Fig.  2  it  is  evident  that  the  h.s.t.  shape  of  Nd^"^  in  sodium  silicate 
glasses  is  almost  independent  of  the  modifier  content.  It  shows  two  main  peaks 
located  at  17090  cm"^  (B)  and  17490  cm“^  (D)  with  shoulders  (A  and  C)  to¬ 
wards  their  low  energy  sides.  On  the  other  hand  the  h.s.t.  shape  in  sodium 
borate  glasses  shows  a  continuous  change  with  the  modifier  content.  A  shift 
of  band  B  is  observed  and  the  shoulders  are  developed  only  for  modifier  con- 
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Fig. 2.  The  hypersensitive  T9/2  ^Gji2  transitions  of  in  sodium  borate  glasses  (a) 

and  in  sodium  silicate  glasses  (b). 

tents  starting  with  33-3  niol%.  Generally,  a  difference  in  the  shape  of  a  h.s.t, 
demonstrates  a  difference  in  the  environment  of  the  rare-earth  ion,  or  con¬ 
versely,  similar  environments  will  produce  similar  shapes. 

In  solutions  the  shape  of  the  h.s.t.  of  Nd^"^  has  already  successfully  been  used 
to  monitor  changes  of  the  coordination  number  of  the  rare-earth  ion  in  differ- 


Fig.3.  The  hypersensitive  "^19/2  ^  ^Gsn,  ^Gm  transitions  of  Nd^^  in  sodium  borosilicate 
glasses  with  20  (a),  40  (b),  and  60  (c)  mol%  Si02. 
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ent  solvents  [17].  For  oxide  glasses,  where  the  rare-earth  ion  is  surrounded  by 
oxygens,  the  type  (BO  or  NBO),  the  number,  and  the  arrangement  of  these  oxy¬ 
gens  are  the  determining  factors  for  the  h.s.t.  shape.  From  the  near  constancy  of 
this  shape  in  sodium  silicate  glasses  one  must  therefore  conclude,  that  the  envi¬ 
ronment  around  the  Nd^’^  ions  is  established  in  these  glasses  already  at  low  modi¬ 
fier  contents  and  remains  fairly  constant  in  terms  of  symmetry  and  coordination 
numbers,  while  it  undergoes  an  evolution  with  increasing  modifier  content  in  the 
sodium  borate  glasses.  Since  the  h.s.t.  in  sodium  borate  glasses  with  modifier 
contents  of  33-3  mol%  or  more  develops  the  four  distinct  features  (A-D)  and 
begin  to  resemble  more  and  more  closely  the  sodium  silicate  h.s.t.  shape  it  must 
further  be  concluded  that  both  in  the  high  modifier  content  sodium  borate  glasses 
and  the  sodium  silicate  glasses  the  environment  of  the  Nd^"^  ions  are  very  similar. 

In  oxide  glasses  the  surrounding  oxygens  are  either  BO  or  NBO  where  the 
latter  are  the  preferred  neighbours  of  the  Nd^"^  ions.  This  is  due  to  their  stronger 
electrostatic  interaction  and  to  the  fact  that  NBO  can  be  more  readily  controlled 
to  satisfy  the  rare-earth  ions  bonding  requirements  since  they  are  attached  at 
only  one  end  to  the  glass  network.  For  oxide  glasses  rare-earth  coordination 
environments  consisting  of  eight  or  nine  NBO  have  been  proposed  [25-27].  In 
sodium  silicate  glasses  the  creation  of  NBO  starts  immediately  with  the  addition 
of  the  modifier  and  according  to  the  Q“  distribution  determined  by  MAS-NMR 
[28]  the  glasses  used  for  the  present  investigation  (28-50  mol%  Na20)  contain 
ample  amounts  of  with  one  and  with  two  NBO  per  Si04  unit.  In  sodium 
borate  glasses  on  the  other  hand  the  situation  is  quite  different.  Up  to  about  30 
mol%  Na20  the  modifier  is  consumed  to  convert  trigonal  B3  into  tetrahedral  B4 
units  with  all  BO  and  the  creation  of  NBO  only  starts  at  higher  Na20  contents 
[23,24].  The  change  of  the  h.s.t.  shape  (development  of  the  shoulders  A  and  C) 
starting  at  about  33-3  mol%  modifier  content  indicates  that  as  soon  as  NBO  are 
available  the  Nd^^  ions  are  attracted  by  them  and  an  NBO  coordination  environ¬ 
ment  similar  to  that  in  sodium  silicate  glasses  is  established  [4]. 

3.3.  Partitioning  of  the  Ions  in  Sodium  Borosilicate  Glasses 

For  the  description  of  the  structural  changes  in  the  ternary  sodium  borosilicate 
glasses  the  two  compositional  parameters  R=Na20/B203  and  K=B203/Si02  are 
commonly  used.  According  to  the  Bray  model  [22-24]  glasses  with  R<0-5  consist 
of  a  boron-rich  and  a  silicon-rich  portion  which  do  not  mix.  All  the  Na20  is 
included  in  the  boron-rich  phase  of  the  glass  and  consumed  to  create  B4  units. 
Thus,  the  glass  may  be  considered  as  a  sodium  borate  glass  diluted  with  pure  silica. 
The  maximum  sodium  content  in  the  boron-rich  portion  is  reached  with  the  dibo¬ 
rate  composition  at  R=0-5.  At  higher  modifier  contents  sodium  ions  and  tetrahe¬ 
dral  B4  groups  enter  the  silicate  portion  of  the  glass  to  form  reedmergnerite  groups. 
The  sodium  ions  are  used  for  charge  compensation  in  these  groups.  Onfy  when  all 
the  Si02  is  used  up  at  R>0-5+K/16  does  the  creation  of  NBO  in  the  silicate  por¬ 
tion  of  the  glass  start.  A  recent  investigation  on  sodium  borosilicate  glasses  in  this 
compositional  range  indicated  that  all  the  NBO  are  located  in  or  groups 
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which  are  not  connected  to  B4  units.  This  could  be  rendered  possible  by  danburite 
groups  [29].  At  R>0-5+K/4  the  additional  Na20  is  shared  for  the  formation  of 
NBO  in  the  boron-rich  portion  and  the  creation  of  Q^.  From  this  structural  model 
the  following  predictions  concerning  the  optical  spectra  of  Nd^'^  in  sodium  boro- 
silicate  glasses  can  be  made.  In  glasses  with  R<0-5+K/16  the  ions  are  expected  to 
be  found  in  the  sodium  borate  portion  of  the  glasses  only.  It  is  well  known  that  it 
is  almost  impossible  to  dope  Nd203  into  pure  silica  phases  without  the  presence  of 
a  modifier  [30].  In  glasses  with  R>0-5+]^16  Nd^^ions  may  enter  the  silicate  por¬ 
tion  as  well.  Given  the  affinity  of  Nd^"^  to  NBO  the  optical  spectra  would  then 
consist  of  a  convolution  of  sodium  borate  and  sodium  silicate  shapes  where  the 
weight  of  the  sodium  silicate  shape  corresponds  to  the  fraction  of  Nd^"^  ions  in  the 
silicate  portion  of  the  glass.  The  near-constancy  of  the  h.s.t.  shape  in  sodium  silicate 
glasses  then  provides  an  easy  method  for  estimating  the  amount  of  Nd^^  ions  in  the 
silicate  portion  of  the  glass  From  the  h.s.t.  shape  of  a  sodium  borosilicate  glass  the 
constant  h.st.  sodium  silicate  shape  weighted  by  a  factor  c  (0<c<l)  is  subtracted. 
Since  the  h.st.  shapes  of  Nd^^  in  sodium  silicate  and  sodium  borate  glasses  differ 
most  on  the  low  eneigy  side  of  the  band  a  factor  c  which  is  too  large  will  produce  a 
negative  absorbance  on  the  low  energy  side  of  the  difference  spectrum.  The  largest  c- 
values  which  do  not  produce  this  negative  absorbance  hence  serve  as  estimates  for 
the  upper  limit  of  the  fraction  of  Nd^"^  ions  in  the  silicate  portion  of  the  glass.  The 
fraction  of  Nd^^  ions  in  the  sodium  sihcate  portion  of  the  ternary  glasses  deter¬ 
mined  with  this  weighted  difference  method  are  included  in  Table  1 . 

Even  for  R<0'5  a  small  but  continuous  increase  of  the  Nd^^  concentration  for 
all  three  sodium  borosilicate  systems  is  found.  With  increasing  modifier  content 
a  much  sharper  increase  is  observed  between  R=0-55  and  0-60  for  the  20  mol% 
Si02  glasses,  between  R=0-60  and  0-714  for  the  40  mol%  Si02  glasses,  and  be¬ 
tween  R=0-667  and  1-0  for  the  60  mol%  Si02  glasses.  The  ternary  glasses  used 
for  the  present  investigation  were  not  prepared  with  constant  K-values,  however 
the  K-values  of  the  sodium  borosilicate  families  (20, 40,  and  60  mol%  Si02)  are 
sufficiently  different  and  do  not  overlap.  In  order  to  correlate  the  results  of  the 
partitioning  of  the  Nd^"^  ions  with  the  Bray  model  averaged  K-values  for  each 
family  were  taken  (20  mol%  Si02:  Kav=0'37,  40  mol%  Si02:  Kav=l*09,  60  mol% 
Si02:  Kav=3*30).  With  these  K-values  the  sharp  increase  of  the  Nd^^  concentra¬ 
tion  in  the  silicate  portion  of  the  glasses  is  found  to  take  place  just  in  the  compo¬ 
sitional  range  where  according  to  the  Bray  model  the  creation  of  silicate  NBO 
commences.  However,  the  small  continuous  increase  of  the  Nd^^  concentration 
at  much  smaller  R-values,  however,  indicates  that  a  small  amount  of  the  modi¬ 
fier  enters  the  silicate  phase  at  a  much  earlier  stage.  This  behaviour  was  also 
suspected  before  [29].  The  drop  of  the  Nd^^  concentration  in  the  silicate  portion 
which  is  observed  for  the  two  glasses  30Na20.30B203.40Si02  and 
30Na20.10B203.60Si02  occurs  in  the  range  R>0-5+K/4  where  additional  NBO 
are  created  in  the  boron-rich  portion  and  indicates  a  stronger  affinity  of  the 
Nd^^  ions  for  this  phase.  A  similar  conclusion  was  drawn  from  an  investigation 
of  Mn^"^  in  sodium  borosilicate  glasses  [31]. 
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4.  CONCLUSIONS 

None  of  the  proposed  theoretical  mechanisms  of  the  hypersensitivity  in 
rare-earth  ions  lends  itself  easily  for  adaptation  to  glasses  because  all  of  them 
require  a  very  accurate  knowledge  of  bond  angles  and  rare-earth  oxygen  dis¬ 
tances.  However,  in  the  present  contribution  it  has  been  shown  that  the  shape 
of  the  h.s.t.  of  Nd^^  ions  in  some  oxide  glasses  can  be  used  to  monitor  the 
changes  in  the  rare-earth  environment  due  to  the  creation  and  annihilation  of 
BO  and  NBO  induced  by  the  addition  of  the  network  modifier.  An  estimate 
for  the  partitioning  of  the  Nd^^  ions  into  borate  and  silicate  portions  of  so¬ 
dium  borosilicate  glasses  was  obtained  by  making  use  of  the  near-constancy 
of  the  h.s.t.  shape  in  sodium  silicate  glasses. 
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A  thermoluminescence  (TL)  stucfy  of  barium  aluminoborate  glasses  doped  with 
Fe  has  been  carried  out  in  the  temperature  range  320  to  780  K.  The  origin  of 
the  TL  is  attributed  to  h^-Fe^'^  recombinations  between  holes  released  from  the 
remaining  boron-oxygen  hole  centers  (which  survived  after  the  complete  elimi¬ 
nation  of  boron  electron  centers),  by  heating  to  about  500  K,  and  the  Fe^"^  pro¬ 
duced  by  the  reduction  of  a  small  fraction  of  the  Fe^^  ions  during  the  ionizing 
irradiation.  It  is  proposed  that  the  recombination  occurs  inside  the  radius  of 
interaction  of  about  15  A  of  the  delocalized  antibonding  state  of  a  neighbour¬ 
ing  substitutional  Fe^^  (or  Fe^"*).  Bypassing  conditions  are  then  created  involv¬ 
ing  the  simultaneous  anihilation  of  the  electron  and  hole. 


1.  INTRODUCTION 

Iron  ions,  irrespective  of  their  oxidation  state,  as  well  as  cobalt  and  nickel  [1] 
are  found  to  be  among  the  most  efficient  luminescence  quenching  agents  when 
introduced  as  impurities,  both  in  crystalline  and  amorphous  systems.  Previous 
work  [2]  has  shown  that  not  only  Fe^"^,  but  also  the  Fe^^  is  an  efficient  quenching 
agent  of  the  blue  thermoluminescence  (TL)  from  the  e" -h^  recombinations  in 
aluminoborate  glasses  X-irradiated  at  77  K,  The  complete  quenching  of  the  TL 
was  achieved  with  the  addition  of  0-4  at.%  of  Fe^"^  to  the  base  glass. 

The  intention  of  the  present  work  is  to  study  the  processes  involved  in  the 
red  TL  emissions  between  320  and  780  K.  The  possible  recombination  mecha¬ 
nisms  are  discussed  on  the  basis  of  a  theory  proposed  by  Sumi  [3,4],  where  the 
excited  electron  is  trapped  by  a  deep  level  releasing  a  multiphonon  emission 
known  as  a  “phonon-kick”,  followed  by  a  coherent  trapping  of  the  hole  and  a 
subsequent  non-radiative  recombination. 


392 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


2.  EXPERIMENTAL 

2.1.  Sample  Preparation 

Barium  aluminoborate  glasses  containing  different  concentrations  of  iron  were 
prepared  from  E.  Merck  (Darmstadt)  reagent  grade  raw  materials  (AI2O3,  H3BO3 
and  Ba(0H)2.8H20),  weighed  to  obtain  samples  of  30Ba0.50B203.20Al203 
(mol%)  base  glass,  with  added  amounts  of  Fe203  and  FeS04,  as  shown  in  Table 
1.  Most  of  the  batches  were  melted  in  a  platinum  crucible  at  1300°C  for  2  h, 
annealed  at  500°C  and  cooled  to  room  temperature  over  24  h.  The  Fe^^  concen¬ 
tration  for  each  sample  was  evaluated  from  a  calibration  straight  line  drawn 
from  the  origin  of  a  graph  of  the  g=4-3  EPR  line  [5]  intensity  plotted  versus  the 
nominal  Fe^’^  concentration,  using  the  points  for  the  samples  having  more  than 
0*  1  at.%  Fe.  For  lower  dopant  concentrations,  it  is  difficult  to  introduce  exactly 
the  desired  amount  of  dopant,  due  to  the  increased  relative  error  in  weighing, 
and  hence  it  is  essential  for  the  purpose  of  the  present  TL  study  to  determine  the 
correct  amount  of  Fe^'^  in  each  sample. 

As  the  EPR  spectrum  of  the  sample  B2  (0-8  at.%  Fe)  has  shown  a  negligible 
intensity  for  the  signal  of  g=2-0,  it  was  assumed  that  no  clustering  is  present 
among  the  Fe  ions,  as  it  is  expected  for  concentrations  not  greater  than  about 
3  mol%  Fe203  [6].  On  the  other  hand,  the  Fe^^  relative  concentration  in  barium 
borate  glasses  is  of  about  4%,  so  that  most  of  the  iron  is  in  the  trivalent  state 
[7].  Additional  details  of  the  method  are  found  in  reference  [2]. 

2.2.  TL  Measurements 

The  measurements  were  carried  out  in  the  temperature  range  320  to  780  K, 
with  a  commercial  TL  detector  from  Harshaw  Nuclear  Systems  (model  2000A) 
and  a  pico-ammeter  with  integrator  (model  2000B),  an  electrometer  and  plotter 

Table  1 

Glass  samples  of  30Ba.50B203.20Al203  (mol%)  doped  with  Fe203 


Sample 

Nominal  doping 

Fe  (at.%) 

Measured  by  EPR 

Fe  (at.%) 

Fe^^  spin  density 
(10*^  spins/cm^) 

Eo 

_ 

(5-9±0-4)xl0-' 

M3±008 

A3 

1X10-’ 

(ll±0-l)xl0“'' 

2-1  ±0-2 

D3 

2x1 0-’ 

(l-5±0-l)xl0-* 

2-9±0-2 

A, 

lx  10-^ 

(2-5±0-2)xl0-" 

4-8±0-3 

D2 

2x10-^ 

(3-2±0-3)xl0-^ 

6-1  ±0-6 

G2^^^ 

2x10-^ 

(2-2±0-2)xl0-" 

4-310-3 

F2 

4x10-^ 

(5-7±0-5)xl0-’ 

nil 

Ai 

lxl0-‘ 

(7-8±0-5)xl0-’ 

1511 

2x10-' 

(2-2±0-2)xl0-' 

4214 

3-5x10-' 

(2-9±0-3)xl0-' 

5515 

B, 

0-5 

0-60±0-05 

11219 

B2 

0-8 

0-78±0-05 

15019 

Sample  doped  with  FeS04. 
Melted  in  an  alumina  crucible 
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Fig.  1.  A  typical  TL  curve  for  the  base  glass  sample  Eo,  fitted  with  two  curves  centered 
respectively  at  440  and  504  K.  The  experimental  curve  is  represented  by  the  data  points  and 

curve  fit  by  solid  lines. 

(model  RBI 02)  and  an  automatically  controlled  heater.  Each  run  was  performed 
for  90s  with  a  5°C/s  linear  temperature  slope.  The  intensity  calibration  adjust¬ 
ments  were  made  by  comparing  with  the  fluorescent  light  from  an  internal  stand¬ 
ard  lamp  and  an  internal  circuit  corrected  for  the  effects  of  spurious  dark  currents. 
The  glass  samples  were  powdered  and  measured  in  a  nitrogen  atmosphere.  A 
filter  was  used  to  avoid  the  interference  from  infrared  radiation.  The  excitation 
was  provided  by  a  ^^Co  source  (6- 14  R/min)  and  preceeded  by  thermal  bleaching 
at  400°C  for  30  min,  in  order  to  empty  the  traps  contained  in  the  sample. 

3.  RESULTS 

A  typical  TL  curve  for  the  base  glass  sample,  Eq,  y-irradiated  with  10^  Rad 
for  10  min,  is  shown  in  Fig.  1,  where  a  broad  emission  peaked  at  463  K  is 
observed,  which  was  fitted  with  two  peaks  centered  respectively  at  440  and  504 


Table  2 

TL  emission  quenching  effect,  in  the  range  between  320  and  670  K,  produced  by  Fe^"  doping 


Sample 

Fe’*  (at.%) 

TL  (arb.  units) 

T.(K) 

Eo 

(5-9±0-4)xl0-’ 

(11±2) 

463 

(2-5±0-2)xlO-^ 

(8-30±0-05) 

449 

A, 

(7-8±0-5)xlO-^ 

(2-30±005) 

470 

c, 

(2-2±0-2)xl0-' 

(8±2)xl0-' 

468 

Q 

(2-9±0-3)xl0-' 

(7±I)xlO-2 

- 

B, 

0-50±0-05 

(3±l)xl0-’ 

- 

B2 

0-7810-05 

- 

- 
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K.The  TL  intensities  for  samples  Eq,  A2,  A],  Ci,  C2,  Bi  and  B2,  y-irradiated 
with  a  dose  of  10^  Rad  and  measured  over  the  range  320  to  670  K,  are  shown 
in  Table  2.  An  exponential  decay  of  the  TL,  as  a  function  of  the  Fe^^  concen¬ 
tration,  was  found  as  shown  in  Fig.  2,  which  was  fitted  by  the  formula 

A  =  9-7exp{-7-55xl0"^^  (cmVion)[Fe^^}  (1) 

Using  the  initial  rise  method,  the  activation  energies  were  evaluated  for  the 
samples  Eq,  A2  and  Cj  and  yielded  values  of  0-9±0T,  T2±0T  and  IT+OT  eV, 
respectively. 

4.  DISCUSSION  AND  CONCLUSIONS 

4.1.  General  outline 

For  the  barium  aluminoborate  glasses  doped  with  Fe203,  when  prepared  un¬ 
der  normal  melting  conditions  in  air,  most  of  the  iron  impurity  appears  as  Fe^*", 
the  remainder  (about  5  at.%)  being  Fe^'^  [7,8].  In  the  absence  of  impurities  such 
as  iron,  it  is  expected  that  only  boron-oxygen  hole  centers  (BOHC)  [9]  and  bo¬ 
ron  electron  centers  (BEC)  [10]  will  be  present  among  the  possible  radiation- 
induced  metastable  centers.  However,  since  Fe  is  an  ever  present  impurity,  it  was 
observed  by  EPR  that,  after  the  complete  elimination  of  BEC,  there  remains  a 
fraction  of  the  BOHC  which  survived  after  heating  to  about  room  temperature 
[1 1].  A  further  heating  to  about  450  K  produces  the  complete  bleaching  of  the 
BOHC,  coincident  with  the  appearance  of  the  red  TL  emission. 

4.2.  Quenching  mechanisms 

4.2.1.  Low  temperature  TL  -  Del  Nery  et  al.  [2]  studied  the  quenching  effect  of 
the  Fe  impurity  on  the  blue  radiative  e-'h’^  recombination,  in  the  range  80  to 
320  K,  produced  by  the  untrapping  of  electrons  from  BEC  with  an  activation 
energy  of  0*21  eV.  This  was  expressed  by  the  exponential  law 

A  =  46*3exp{-2*604xl0-''  [Fe'^]  -  6*211x10-'^  [Fe^^}  (2) 

where  A  is  the  calculated  area  under  the  TL  curve. 

4.2.2.  High  temperature  TL  -  In  order  to  better  analyse  the  possible  TL 
mechanisms  involved  in  the  e^-h*"  recombination  processes  occurring  in  y- 
irradiated  barium  aluminoborate  glasses,  some  experimental  evidences  should 
be  considered: 

(a)  the  [Fe^T  of  a  barium  aluminoborate  glass  decreases  monotonically  with 
increasing  dose  of  ionizing  irradiation; 

(b)  the  self-trapped  hole  concentration  [BOHC]  is  equal  to  [BEC]  plus  the  extra 
[Fe^^]  produced  under  irradiation; 

(c)  as  the  complete  TL  quenching  occurs  at  Fe  concentrations  of  the  order  of 
0*4  at.%  Fe,  all  the  Fe  can  be  considered  as  isolated  ions,  since  its  clustering 
effects  start  to  appear  at  about  5  at.%  Fe  [6]; 

(d)  most  of  Fe  ions  contained  in  barium  borate  glasses  are  of  Fe^^  as  a  result 
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Fig.  2.  TL  intensity  extinction  as  a  function  of  the  Fe^"^  concentration, 

of  the  redox  equilibrium  for  the  peculiar  basicity  of  these  glasses. 

After  the  EEC’s  (Ea=0-21  eV)  are  completely  bleached  by  heating  to  320  K 
[1 1],  the  excess  holes  in  the  BOHC’s  remain  trapped  due  to  their  higher  activa¬ 
tion  energy  (E^=1'0  eV)  and  acquire  their  mobility,  at  temperatures  not  less 
than  320  K.  Their  motion  is  essential  for  the  occurrence  of  collisions  with  the 
excess  Fe^^,  produced  by  the  reducing  reactions  of  Fe^"^  with  the  photoelec¬ 
trons  from  the  initial  X-  or  y-irradiation.  The  red  TL  emission  is  then  observed 
in  the  range  320  to  780  K,  and  is  also  quenched  by  the  addition  of  an  increas¬ 
ing  amount  of  Fe,  following  the  exponential  law  of  Eq.  (1).  A  complete  quench¬ 
ing  is  obtained  with  the  addition  of  0-35  at.%  Fe  impurity  to  the  base  glass,  so 
that  the  radius  of  interaction  surrounding  an  Fe  ion  (Fe^"*  and  also  Fe^^)  is 
about  15  A. 

The  TL  extinction  curve  plotted  in  Fig.  2  shows  that  the  neighbouring  Fe 
ions  are  efficient  quenching  agents  also  for  the  h'^-Fe^'*'  radiative  recombina¬ 
tion,  in  a  similar  way  as  it  occurred  for  the  e"-h^  recombinations  of  the  low 
temperature  TL  [2]. 

According  to  some  possible  mechanisms  reported  for  semiconductors  [12-14], 
a  qualitative  configurational  sketch  of  the  radiative  h^-Fe^^  recombination, 
shown  in  Fig.  3a  is  suggested  where  the  hole  of  the  BOHC  is  displaced  on 
heating  from  A  to  the  activated  position  B,  where  a  direct  radiative  transition 
occurs.  Fig.  3b  illustrates  the  displacement  of  the  hole  in  the  real  space  from  A 
to  B,  assuming  that  the  Fe^"^  ion  is  substitutionally  occupying  a  tetrahedral  or 
octahedral  site. 

If  the  h'^-Fe^'^  recombination  occurs  inside  the  radius  of  interaction  of  the 
delocalized  antibonding  state  of  a  neighbouring  substitutional  Fe^'"  (or  Fe^'")  in 
a  tetrahedral  or  octahedral  site  (see  Fig.  4),  bypassing  or  resonance  energy  con- 
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Fig.  3.  Model  of  the  red  TL  emission  in  aluminoborate  glasses.  The  hole  of  the  BOHC  is 
untrapped  from  site  A  by  heating  and  a  radiative  transition  occurs  at  B. 

(a),  Configurational  sketch  and  (b),  real  space  diagram. 

Ground  states 


Fig.  4.  Configurational  sketch  of  the  red  TL  emission  quenching  in  aluminoborate  glasses 

doped  with  iron. 
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ditions  [15]  are  created  involving  the  simultaneous  anihilation  of  the  electron 
and  hole.  Thus,  the  radiative  transition  occurring  at  site  B  is  no  longer  possible, 
since  it  is  now  performed  in  two  steps,  involving  the  emission  either  of  photons 
with  longer  wavelengths  or  phonons,  so  that  the  iron  ions  are  effective  in  the 
quenching  of  the  red  TL  emission  attributed  to  the  h^-Fe^''  recombination. 
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We  report  on  photo  stimulated  luminescence  in  sodium  borate  glasses  doped 
with  Ce^^  and  Sm^^.  When  X-ray  irradiated  glasses  were  excited  by  a  He-Ne 
laser  (633  nm),  photostimulated  luminescence  at  360  nm  due  to  the  4f-5d 
transition  of  Ce^"^  was  observed.  The  intensity  of  the  photostimulated  lumi¬ 
nescence  of  Ce^^-Sm^""  co-doped  glass  was  weaker  than  that  of  Ce^'^-doped 
glass.  X-ray  absorption  spectra  of  glasses  X-ray  irradiated  for  various 
durations  were  measured.  By  comparing  with  the  mechanism  of  photostimu¬ 
lated  luminescence  in  BaFBrrEu^^,  the  luminescence  is  proposed  to  result 
from  the  photostimulated  recombination  of  holes  and  electrons  at  traps  which 
leave  electrons  in  a  long-lived  excited  state.  These  glasses  may  be  promising 
materials  for  two-dimensional  imaging  sensors  of  X-ray. 


1.  INTRODUCTION 

Photostimulated  luminescence,  a  phenomenon  due  to  the  photostimulated 
recombination  of  holes  and  electrons  at  traps  which  leave  the  electrons  in  a 
metastable  state,  has  attracted  considerable  attention  in  recent  years  [1].  In 
photostimulated  luminescence,  a  material  excited  by  a  light  1  after  irradiation 
by  X-rays  for  example,  emits  light  2  whose  wavelength  is  usually  shorter  than 
that  of  the  excitation  light  1,  and  the  intensity  of  light  2  is  dependent  on  the  X- 
ray  exposure.  Photostimulable  luminescence  dosimeters,  using  photostimulable 
luminescence  phosphor  are  considered  to  have  advantages  over 
thermoluminescence  dosimeters,  since  they  can  be  stimulated  by  photons  with¬ 
out  thermal  stress  and  are  able  to  be  read  out  faster. 

A  “computed  radiography  system”  has  been  widely  used  in  the  medical, 
biological  and  physical  fields  in  the  last  decade  in  which  an  imaging  plate  made 
of  a  photostimulable  luminescence  phosphor  BaFX:Eu^‘^  (X=Br,I)  is  used  as  a 
two-dimensional  imaging  sensor  of  X-rays. 
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However,  it  is  difficult  to  fabricate  a  photostimulable  luminescence  phos¬ 
phor  in  the  single  crystal  state  of  a  large  enough  size.  In  fact,  the  fabricated 
photostimulable  luminescence  phosphors  are  usually  powders  having  non-uni¬ 
form  particle  shapes,  comprising  polyhedra  whose  average  size  ranges  from  1 
to  100  pm.  They  are  mixed  with  an  organic  binder  and  coated  on  a  flexible 
plastic  plate  and,  therefore,  scatter  the  excitation  light  as  well  as  the  fluores¬ 
cence  light.  Additionally,  it  is  very  difficult  to  fabricate  a  flat  imaging  plate 
using  these  phosphor  powders  together  with  an  organic  binder.  The  sensitivity 
and  resolution  of  the  imaging  plate  is  largely  restricted  by  these  factors. 

If  the  photostimulated  luminescence  sensor  is  made  of  a  glass,  we  think 
that  these  faults  may  be  overcome  since  a  glass  is  homogeneous  and  can  be 
easily  fabricated  into  various  forms,  such  as  a  large  flat  plate,  a  fiber  and  a 
microchannel  plate  made  by  a  large  number  of  fibers.  As  far  as  we  know,  how¬ 
ever,  there  is  no  report  on  photostimulated  luminescence  in  glass. 

In  the  present  study,  we  report  the  phenomenon  of  photostimulated  lumi¬ 
nescence  in  Ce^^-doped  sodium  borate  glasses.  The  mechanism  of  the  photo¬ 
stimulated  luminescence  of  these  glasses  is  also  discussed. 

2.  EXPERIMENTAL 

The  compositions  of  the  glass  prepared  were  25Na20.75B703.0*50Ce02  and 
25Na20.75B203.0-50Ce02.0-50Sm203  (mol%).  High  purity  6263,  Na2C03,  Ce02 
and  Sm203  were  used  as  starting  materials.  Approximately  10  g  batches  were 
mixed  and  then  melted  in  Pt  crucibles  at  1200°C  for  30  min  under  an  ambient 
atmosphere.  The  melts  were  then  poured  on  a  stainless  plate  and  cooled  to 
room  temperature.  The  yellowish  glasses  obtained  were  then  put  into  a  vitre¬ 
ous  carbon  crucible  and  treated  under  a  N2+H2  (5  vol%)  atmosphere  at  1250°C 
for  60  min  in  a  horizontal  carbon  furnace.  The  melts  were  then  quenched  to 
room  temperature.  Transparent  and  colorless  glasses  were  obtained.  The  glass 
specimen  was  cut,  polished  and  subjected  to  the  optical  measurements. 

Absorption  spectrum  measurements  were  carried  out  using  a  JASCO  V-570 
spectrophotometer.  Normal  fluorescence  spectra  were  measured  by  a  Hitachi 
850  fluorescence  spectrophotometer  using  300  nm  UV  light  from  a  xenon  lamp 
as  the  excitation  source.  For  the  measurement  of  the  photostimulated  lumi¬ 
nescence  decay  curve,  the  glass  specimens  were  first  irradiated  with  40  KV/30 
mA  X-rays  from  a  W  taiget  for  600  s  and  a  He-Ne  laser  (633  nm)  with  a  power 
of  170  pW/cm^  was  used  as  the  source  of  excitation  light.  One  piece  of  U360 
filter  was  used  to  cut  off  the  background  light.  A  photomultiplier  tube  was 
used  as  the  detector.  The  X-ray  absorption  spectra  of  Ce^^-Sm^^  co-doped 
glass  X-irradiated  (wavelength:  0*2  nm)  for  various  durations  were  measured. 
All  measurements  were  carried  out  at  room  temperature. 

3.  RESULTS 

Figures  1(a)  and  (b)  show  the  absorption  spectra  of  Ce^‘*’-Sm^'^  co-doped 
glasses  prepared  under  an  ambient  and  a  reducing  atmosphere.  For  compari- 
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Fig.  1.  Absorption  spectra  of  the  Ce^^-Sm^^  co-doped  glasses  fabricated  under  different 

atmospheres. 

son,  the  absorption  spectrum  of  25Na20.75B203  (mol%)  glass  is  also  shown. 
The  absorption  bands  in  the  200-400  nm  wavelength  region  in  Fig.  1  (a)  can  be 
ascribed  to  the  transitions  of  Ce  ions.  The  strong  absorption  at  220~300  nm  in 
the  spectrum  of  the  glass  prepared  under  the  ambient  atmosphere  is  attributed 
to  a  charge  transfer  effect  for  Ce'^'^  ions  [2],  Since  Ce'*'^  ions  absorb  visible  light 
with  a  short  wavelength,  the  glass  prepared  under  the  ambient  atmosphere 
appears  yellowish  in  color.  On  the  other  hand,  little  absorption  in  the  visible 
wavelength  region  is  found  in  the  absorption  spectrum  of  the  glass  prepared 
under  a  reducing  atmosphere  and,  therefore,  the  Ce  ions  exist  in  the  trivalent 
state.  This  was  also  confirmed  by  the  X-ray  absorption  spectrum.  Addition¬ 
ally,  little  difference  is  observed  between  the  absorption  spectra  of  the  glasses 
prepared  under  different  atmospheres  due  to  the  4f-4f  transitions  of  Sm^^  in 
the  800-1600  nm  wavelength  region  [3].  Therefore,  Sm  ions  still  exist  in  the 
trivalent  state  in  the  glass  prepared  under  the  reducing  atmosphere.  We  only 
discuss  the  results  for  glasses  fabricated  under  the  reductive  atmosphere  below. 

Figure  2  shows  the  normal  fluorescence  spectra  of  the  glasses  when  excited  by 
the  300  nm  UV  light.  Both  the  glass  doped  with  Ce^^  and  the  glass  co-doped 
with  Ce^^-Sm^"^  show  a  broad  emission  band  from  300  to  450  nm  with  a  maxi¬ 
mum  at  360  nm  due  to  the  4f-5d  transition  of  Ce^^.  The  emissions  at  560,  600 
and  650  nm  are  caused  by  the  transitions  (n=5,  7  and  9)  of  Sm^"". 

When  X-irradiated  glasses  were  excited  by  a  He-Ne  laser,  the  glasses  emit¬ 
ted  light  at  360  nm,  and  the  intensity  of  the  luminescence  decreased  quickly. 
Figure  3  shows  the  decay  curves  of  the  luminescence  at  360  nm  for  the  X- 
irradiated  glasses  when  they  were  continuously  excited  by  the  He-Ne  laser.  It 
is  clear  that  the  emission  at  360  nm  for  the  Ce^^-doped  glass  decays  slowly, 
while  that  of  the  glass  co-doped  with  Ce^^-Sm^^  decays  quickly.  Moreover,  the 
intensity  of  the  luminescence  of  the  Ce^'^-Sm^'^  co-doped  glass  is  weaker  than 
that  of  the  Ce^^  doped  glass. 
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Fig.  2.  Normal  fluorescence  spectra  of  the  Ce^"^  doped  and  Ce^^-Sm^^  co-doped  glasses.  The 
wavelength  of  the  excitation  light  is  300  nm. 

Figure  4  shows  the  X-ray  absorption  spectra  due  to  the  absorption  of  the  Sm 
ions  in  the  co-doped  glass  X-irradiated  for  various  times  together 

with  the  spectrum  of  a  Sm^^-Sm^^  co-doped  glass.  Little  difference  can  be  found 
between  the  absorption  spectra  of  the  glasses  before  and  after  X-ray  irradiation. 

4.  DISCUSSION 

The  possible  causes  of  the  occurrence  of  the  360  nm  emission,  when  excited 
at  633  nm,  may  be  upconversion  or  multiphonon  absorption  as  well  as  photo- 
stimulated  luminescence  processes. 

If  the  emission  at  360  nm  is  caused  by  excited  absorption  (i.e.  upconversion) 
or  multiphonon-absorption  as  shown  in  Fig.  5,  the  emission  intensity  should 
remain  constant  when  glass  is  constantly  excited  by  the  633  nm  light.  There- 


Fig.  3.  Decay  curves  for  the  photostimulated  luminescence  at  360  nm  for  the  Ce^"^  doped  and 
the  Ce^^-Sm^^  co-doped  glasses.  The  excitation  light  is  from  a  He-Ne  laser  (633  nm). 
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Fig.  4.  X-ray  absorption  spectra  for  the  Sm  ions  of  the  Ce^^-Sm^^  co-doped  glass 
X-irradiated  for  various  durations. 

fore,  the  emission  at  360  nm  is  not  due  to  upconversion  or  two-photon  absorp¬ 
tion  process.  It  is  a  typical  phenomenon  of  photostimulated  luminescence  as 
observed  in  the  BaFBr:Eu^^  [4-5]. 

The  intensity  of  photostimulated  luminescence  in  the  glasses  is  weaker  than 
that  of  crystalline  BaFBrEu^^,  and  the  lifetime  of  the  photostimulated  lumi¬ 
nescence  in  the  glass  was  not  evaluated  exactly.  However,  the  lifetimes  of  the 
photostimulated  luminescence  for  various  photostimulable  phosphors  are  al¬ 
ways  equal  to  the  lifetimes  of  the  excited  states  of  the  active  ions  [5].  The 
lifetime  of  photostimulated  luminescence  seems  to  be  mainly  determined  by 
the  lifetime  of  the  excited  active  ions,  e.g.  Ce^'",  and  the  other  related  processes 
are  considered  to  be  very  fast  during  the  optical  stimulation  [5].  The  lifetimes 
of  excited  Ce^'^  ions  have  been  investigated  intensively  [6],  therefore,  the  life¬ 
time  of  the  photostimulated  luminescence  in  the  present  borate  glasses  doped 
with  Ce^^  is  estimated  to  be  several  tens  of  nanoseconds. 

The  mechanisms  of  the  photostimulated  luminescence  in  various 
photostimulable  phosphors  have  been  investigated  intensively.  However,  they 
remain  unclear,  even  for  the  well  known  BaFBriEu^^  photostimulable  phos¬ 
phor.  More  than  three  models  have  been  proposed  to  explain  the  photostimu- 


Fig.  5.  Mechanism  of  luminescence  with  higher  frequency  (co2)  than  that  of  the  excitation 
light  (col)  due  to  excited  state  absorption  (a)  and  multiphonon-absorption  (b)  processes. 
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lated  luminescence  processes  in  BaFBriEu^^.  They  differ  from  each  other  in  (1) 
the  way  in  which  an  electron  trap  is  formed;  (2)  the  way  in  which  the  electron  is 
transferred  from  the  electron  trap  to  the  trapped  hole,  and  (3)  the  nature  of  the 
hole  traps  [4-5]. 

Iwabuchi  et  al.  have  performed  several  experiments  to  confirm  the  mecha¬ 
nism  of  the  photostimulated  luminescence  in  BaFBriEu^'^  [4]  and  propose  that 
Eu^'^  ions  are  ionized  by  X-ray  irradiation  and  converted  to  Eu^'*'  ions  either 
directly  or  by  trapping  holes,  and  that  electrons  excited  to  the  conduction  band 
are  captured  by  F^  centers  (halogen  ion  vacancies)  to  form  F  centers.  Then,  by 
green  to  red  light  irradiation  to  cause  photostimulated  luminescence,  trapped 
electrons  are  liberated  into  the  conduction  band  and  return  to  Eu^'^  ions,  con¬ 
verting  them  into  excited  Eu^'"  ions,  thus  the  Eu^^  luminescence  occurs.  How¬ 
ever,  an  ESR  study  by  Hangleiter  et  al.  showed  that  no  Eu^^  was  formed  on 
X-irradiation  [7].  Moreover,  the  model  proposed  by  Iwabuchi  et  al.  does  not 
specify  how  charge  compensation  is  achieved  when  the  negative  ion  vacancies 
(F"^  center)  are  present  during  crystal  growth.  On  the  other  hand,  Seggern  et 
al.  suggested  that  photostimulated  luminescence  occurs  by  a  recombination 
of  an  F-center  and  hole  center  in  close  proximity.  Charge  transfer  after 
photostimulation  occurs  through  tunneling  and  not  through  the  conduction 
band  [8].  Other  models  have  also  been  proposed  to  explain  the  photostimu¬ 
lated  luminescence  in  the  BaFBriEu^'*^  phosphor  [9,10].  However,  none  of  these 
models  fully  explain  all  of  the  observed  experimental  phenomena. 

Nevertheless,  all  of  the  models  assume  that  F  centers  act  as  the  electron 
traps  and  that  the  photostimulated  luminescence  is  caused  by  electronic  trans¬ 
fer  from  the  4f  5d  level  to  the  4f  ground  state  of  Eu^^  when  electrons  are  re¬ 
leased  by  photostimulation  and  recombine  with  trapped  holes. 

On  the  other  hand,  ESR  and  absorption  spectra  of  undoped  and  Ce^^-doped 
alkali  borate  glasses,  before  and  after  X-irradiation,  have  been  investigated 
extensively  [11].  Ce^^  is  considered  to  act  as  a  strong  hole  trap.  Additionally,  X- 
irradiated  glasses  in  the  sodium  borate  system  exhibited  a  broad  absorption 
band  from  400  to  800  nm  with  a  maximum  at  about  600  nm.  The  band  is 
assigned  to  the  absorption  of  electron  traps,  i.e.  the  quasi-F-centers. 

Therefore,  by  comparison  with  the  mechanism  of  the  photostimulated  lu¬ 
minescence  of  BaFBriEtf’",  the  mechanism  of  photostimulated  luminescence 
in  the  present  glasses  may  be  proposed  as  shown  in  Fig.  6.  After  X-irradiation, 
the  electron  and  hole  pairs  are  formed  in  the  glasses,  some  of  electrons  are 
trapped  by  electron  trap  centers,  and  quasi-F-centers  are  formed  in  the  glasses. 
On  the  other  hand,  some  of  the  holes  were  caught  by  hole  traps,  e.g.  Ce^^  ions. 
The  wavelength  of  the  He-Ne  laser  (633  nm)  is  just  in  the  region  of  the  ab¬ 
sorption  due  to  the  quasi-F-center.  ’W^en  excited  by  the  He-Ne  laser,  electrons 
which  are  trapped  by  the  quasi-F ^-centers  are  liberated,  and  combine  with  the 
holes,  thus  leading  to  the  characteristic  Ce^^  emission. 

Sm^"^  ions  are  considered  to  act  as  hole  traps  in  Ce^^-Sm^"^  co-doped  sulfide 
crystals  [12].  However,  no  variation  in  the  valence  state  and  the  local  structure 
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Fig.  6.  The  rudimentary  mechanism  of  photostimulated  luminescence  in  the  present  glass. 
(D:  X-ray  Irradiated  process.  Laser  stimulated  process.  unclear. 

of  the  Sm  ions  before  and  after  X-ray  irradiation  has  been  observed  from  the 
X-ray  absorption  spectra.  Therefore,  as  opposed  to  their  behavior  in  sulfide 
crystals,  ions  probably  do  not  act  as  hole  traps  in  the  present  glass.  The 
fast  decay  of  the  photostimulated  luminescence  for  Ce^'^-Sm^'^  co-doped  glass 
may  be  attributed  to  the  energy  transfer  from  Ce^^  to  Sm^'^. 

5.  CONCLUSIONS 

The  photostimulated  luminescence  phenomenon  is  reported  in  sodium  bo¬ 
rate  glasses  doped  with  Ce^^  and  Sm^’^  ions.  When  X-irradiated  glasses  were 
excited  by  a  He-Ne  laser  (633  nm),  photostimulated  luminescence  was  ob¬ 
served  at  360  nm  due  to  the  4f-5d  transition  of  Ce^"^  ions.  The  intensity  of  the 
photostimulated  luminescence  for  a  Ce^^-Sm^"^  co-doped  glass  is  weaker  than 
that  of  the  Ce^'^-doped  glass.  The  X-ray  absorption  spectra  of  glasses  X-irradi¬ 
ated  for  various  durations  show  that  the  valence  state  and  the  local  structure 
surrounding  the  Sm^""  ions  remain  unchanged.  Ce^^  ions  and  quasi-F^-centers 
in  the  glasses  act  as  hole  and  electron  traps,  respectively.  These  glasses  may  be 
promising  materials  for  two-dimensional  imaging  sensors  of  X-rays. 
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Ab  initio  calculations  of  boric  oxide  are  used  to  parameterize  a  classical 
model  of  the  interactions  between  boron  and  oxygen.  This  model  yields  a 
structure  that  agrees  extremely  well  with  all  known  measurements  of  the 
properties  of  vitreous  boric  oxide,  but  the  concentration  of  boroxol  rings  is 
nearly  an  order  of  magnitude  less  than  commonly  accepted.  Quantitative 
Raman  measurements  using  calibrated  samples  of  boroxol  ring  concentra¬ 
tions  yield  a  quantitative  measurement  of  the  ring  concentration  in  vitreous 
boric  oxide  in  close  agreement  with  the  simulation. 


1.  INTRODUCTION 

From  the  time  of  Zachariasen  [1],  we  have  had  reasonable  ideas  about  glass 
structure.  According  to  Zachariasen,  first  neighbor  environments  look  almost 
exactly  the  same  as  they  do  in  crystals,  but  these  building  blocks  are  put  together 
in  a  continuous  random  network.  Electro-neutrality  is  preserved  in  the  smallest 
possible  volume  consistent  with  ion  sizes.  Unfortunately,  the  bonding  differences 
between  a  glass  and  a  crystal  of  the  same  composition  are  reasonably  subtle.  We 
can  determine  the  structure  of  the  crystal  through  the  analysis  of  x-ray  and 
neutron  diffraction  experiments  due  to  the  crystal’s  repeating  nature.  The  glass 
has  no  exact  repeating  units,  and  so  the  diffraction  patterns  are  blurred.  They 
still  tells  us  a  great  deal  about  the  first  and  second  neighbor  environments,  and 
usually  blur  significantly  around  third  neighbors.  Most  other  probes,  when  used 
to  study  an  amorphous  structure,  give  strong  information  about  first  neighbors, 
weak  results  about  second  and  are  washed  out  by  third  neighbors.  Thus  we  are 
not  absolutely  certain  about  the  structure  of  even  the  most  prototypical  of  all 
glasses,  fused  silica,  which  serves  as  a  backbone  for  most  of  the  silicate  glasses. 

It  was  to  fill  the  need  for  better  pictures  of  amorphous  structures,  that  mo¬ 
lecular  modeling  in  glass  began  over  twenty  years  ago.  The  success  of  Born- 
Meyer-Huggins  potentials  in  describing  alkali-halides  led  to  their  use  by 
Woodcock,  Angell  &  Cheeseman  [2]  to  describe  fused  silica  as  an  ionic  sub¬ 
stance  and  their  reproduction  of  the  details  of  x-ray  diffraction  was  really 
quite  amazing  given  the  simple  nature  of  the  interactions. 

A  study  of  the  potentials  used  in  this  modeling  showed  that  they  could  not 
reproduce  as  stable  structures  the  crystalline  polymorphs  of  silica,  and  it  was 
not  until  the  recent  work  of  van  Beest  et  al.  [3]  that  pairwise  potentials  could 
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be  found  that  did  a  reasonable  job  of  predicting  crystalline  silica  structure. 

The  theory  which  should  work  properly  is  quantum  mechanics.  Gaussian  based 
ab  initio  studies  of  clusters  of  silicon  and  oxygen  have  been  made  for  many  years, 
but,  until  1987,  there  were  no  infinite  periodic  calculations  for  oxides.  The  rea¬ 
son  for  this  lack  was  due  to  the  difficulty  of  the  calculation.  A  typical  condensed 
matter  calculation  for  a  semiconductor  such  as  silicon  usually  consisted  of  a  few 
atoms  in  a  periodic  cell.  Planewaves  and  pseudopotentials  were  used,  and  to 
model  silicon  required  approximately  fifty  planewaves  per  atom.  The 
diagonalization  of  matrices  a  few  hundred  square  was  not  a  demanding  task, 
but  since  diagonalization  grew  as  the  number  of  planewaves  cubed,  much  bigger 
problems  were  computationally  intractible.  Because  of  the  deep  nonlocal  pseu¬ 
dopotentials  required  to  accurately  model  oxygen,  oxygen  needs  ten  times  as 
many  planewaves  per  atom  as  silicon.  To  simulate  quartz  would  require  the 
diagonalization  of  10000  by  10000  matrices.  These  diagonalizations  would  have 
to  be  done  many  times  to  reach  self-consistency,  and  then  many  times  more  to 
relax  the  structure.  In  1985,  Car  &  Parrinello  [4]  wrote  a  paper  on  quantum 
mechanical  molecular  dynamics  which  emphasized  the  iterative  approach  to 
matrix  diagonalization  and  showed  how  to  derive  an  eigenvector  by  a  method 
which  scaled  nearly  linearly  with  the  number  of  planewaves  instead  of  cubically. 
The  new  method  required  local  pseudopotentials  which  would  not  work  for  oxy¬ 
gen  and  was  still  too  slow.  Allan  &  Teter  [5]  showed  how  oxides  could  be  modeled 
successfully,  and  Teter,  Payne  &  Allan  [6]  showed  how  eigenvectors  could  be 
extracted  much  more  efficiently  than  the  Car  &  Parrinello  method.  The  details 
of  the  resulting  iterative  diagonalization  along  with  a  review  of  the  planewave 
pseudopotential  method  may  be  found  in  the  review  article  by  Payne  et  al.  [7]. 
For  the  first  time,  the  planewave  pseudopotential  treatment  of  oxides  was  viable. 

Much  subsequent  work  has  shown  that,  using  the  Local  Density  Approxi¬ 
mation  (LDA)  for  exchange  and  correlation  in  an  ab  initio  calculation,  the 
structural,  vibrational  and  optical  properties  of  oxide  crystals  are  accurately 
reproduced  [8,9].  Unfortunately,  this  theory  is  much  too  computationally  in¬ 
tensive  to  be  used  in  modeling  glass  structures  which  require  hundreds  to  thou¬ 
sands  of  atoms.  Consequently,  the  following  strategy  has  been  adopted: 
(1)  Study  the  crystalline  forms  of  oxides  whose  composition  is  near  that  of  the 
glass  in  question,  (2)  Parameterize  the  interactions  so  that  the  quantum  me¬ 
chanical  results  are  reproduced  for  both  relaxed  and  distorted  crystals,  and 
(3)  Use  the  much  faster  classical  interactions  to  predict  the  glass  behavior. 

Ionic  simulations  of  fused  silica  have  shown  good  agreement  structurally 
with  experiment,  and  as  mentioned  previously,  if  the  potentials  of  van  Beest  et 
al.  [3]  are  used,  the  crystal  structures  of  quartz,  cristobalite  and  stishovite  are 
reasonably  reproduced.  To  show  the  improvements  which  accrue  from  the  use 
of  data  from  quantum  mechanical  calculations,  it  would  be  best  to  use  as  a 
prototype  a  glass  for  which  ionic  simulation  does  not  agree  with  experimental 
determination  of  its  structure.  A  glass  which  shows  significant  disparity  be¬ 
tween  the  predictions  of  ionic  models  and  experimental  measurements  is  vit- 
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Fig.  1.  The  Boroxol  group 

reous  boric  oxide.  The  fundamental  building  unit  in  boric  oxide  is  the  BO3 
triangle.  The  basic  issue  of  the  structure  of  B2O3  glass  is  how  these  triangles 
are  bonded  together.  The  prevailing  idea  suggested  by  Goubeau  &  Keller  [10], 
strengthened  by  the  infra-red  work  of  Krogh-Moe  and  further  developed  by 
the  x-ray  diffraction  analysis  of  Mozzi  &  Warren  [11]  is  that  the  structure  of 
boric  oxide  glass  is  one  in  which  three  BO3  triangles,  bonded  in  a  planar  boroxol 
ring,  with  a  BOB  bonding  angle  of  120°  plays  a  strong  role. 

The  first  molecular  dynamics  study  of  vitreous  B2O3  was  done  by  Soules 
[12].  Independent  work  by  Amini,  Mitra  &  Hockney  [13]  verified  Soules’  re¬ 
sults.  The  conclusion  was  that  the  BOB  bonding  angle  averaged  about  154°, 
and  the  B-B  separation  was  too  large  to  close  boroxol  rings.  Their  ionic 
potentials  would  not  reproduce  the  low  pressure  crystal  structure  of  B2O3,  and 
their  B-B  separations  and  bonding  angles  were  refuted  effectively  by  the  neu¬ 
tron-diffraction  studies  of  Johnson,  Wright  &  Sinclair  [14],  who  concluded 
that  about  75  of  the  borons  were  in  boroxol  rings.  This  conclusion  was  strength¬ 
ened  by  the  work  of  Windisch  &  Risen  [15]  who  measured  the  Raman  spectra 
of  B2O3  glass  and  found  by  isotopic  substitution  that  the  single  large  peak  at 
808  cm"^  was  a  breathing  mode  of  the  boroxol  ring. 

The  NMR  spectra  and  the  infrared  spectra  also  are  compatible  with  the 
boroxol  ring  being  a  major  part  of  the  vitreous  B2O3  structure.  The  only  data 
which  seems  inconsistent  with  this  interpretation  is  the  inelastic  neutron  scat¬ 
tering  data  [16]  which  shows  no  strong  peak  in  the  vibrational  density  of  states 
at  808  cm"^  This  is  shown  in  Fig.  2. 

Given  the  narrow  nature  of  the  peak  in  the  Raman  spectrum,  and  the  sup¬ 
posed  dominant  nature  of  the  boroxol  ring  in  the  structure,  the  weakness  of 
the  peak  in  this  measurement  is  difficult  to  understand  if  the  model  which  has 
70-80  of  the  borons  in  boroxol  rings  is  correct.  Since  there  is  one  symmetric 
breathing  mode  per  boroxol  ring,  and  the  total  number  of  vibrational  modes 
is  three  times  the  number  of  atoms,  it  is  trivial  to  show  that  these  Raman- 
active  boroxol  modes  must  constitute  a  fraction  0-0444fb  of  the  total  number 
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Fig.  2.  Uncorrected  vibrational  density  of  states  from  Ref.  [16]. 

of  vibrational  degrees  of  freedom.  Here  f^  is  the  fraction  of  borons  in  boroxol 
rings.  If  fb  is  0-75,  then  the  symmetric  breathing  modes  must  be  one  part  in  30 
of  the  total  vibrational  degrees  of  freedom.  More  recent  work  by  Hannon  et 
al.  [19]  has  better  resolved  the  peak  at  808  cm“^  but  the  area  under  the  peak  is 
much  too  small,  even  after  corrections  for  multiple  scattering  and  multiphonon 
events,  to  be  compatible  with  75  of  the  borons  being  in  boroxol  rings. 

Hand  built  models  display  the  prejudices  of  the  builder,  and  what  is  needed 
is  either  a  super  microscope  which  will  allow  us  to  view  the  actual  structure,  or 
the  ability  to  construct  a  model  using  only  the  laws  of  nature.  Since  ab  initio 
quantum  mechanics  using  density  functional  theory  has  shown  the  ability  to 
accurately  reproduce  the  structures  and  dynamics  of  all  oxide  crystals  which 


Fig.  3.  Ab  initio  energy  of  crystalline  boric  oxide  versus  volume. 
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have  been  modeled,  it  seems  a  natural  reference  point  from  which  to  build  our 
models  of  interactions  in  borate  glasses.  If  we  could  perform  molecular  dy¬ 
namics  for  glass  models  with  1000  atoms  for  a  million  time  steps  using  LDA, 
our  methods  search  would  be  over.  A  single  time  step,  however,  would  involve 
the  iterative  diagonalization  of  a  300000  by  300000  matrix  for  each  time  step. 
The  process  on  a  gigaflop  computer  would  take  a  few  days  per  time  step  using  cur¬ 
rent  methods.  Consequently,  there  is  no  recourse  other  than  developing  classical 
potentials  which  reproduce  the  quantum  mechanical  results  for  smaller  systems. 

2.  MODELING  OF  VITREOUS  BORIC  OXIDE 

There  are  two  well  known  crystal  structures  of  boric  oxide.  The  low  pres¬ 
sure  structure  [17]  which  consists  of  ribbons  of  BO3  triangles  and  the  high 
pressure  structure  [18]  which  consists  of  BO4  edge-shared  tetrahedra.  These 
two  structures  were  simulated  using  ab  initio  quantum  mechanics,  and  the  fol¬ 
lowing  figure  shows  the  total  energy/B203  versus  the  volume/B203  for  both  the 
low  and  high  pressure  structures. 

The  atomic  coordinates  were  not  relaxed,  but  simply  scaled,  and  at  each 
new  lattice  constant,  the  new  wavefunction,  forces  on  the  atoms  and  the  total 
energy  were  calculated. 

The  energy  of  the  low  pressure  form  per  B2O3  unit  as  a  function  of  the 
volume  per  B2O3  unit  is  well  described  by  the  following  form. 

Ei^^=-50-577  +  9869*01 1/v^^'  +  1102*539/v^^^-37*976/v^^^ 

The  high  pressure  form  is  similarly  described. 

Ei^igj,=-50*548  +  9652*772/v'^^  +  320*498/V'''-35*270/vi'2 

One  important  result  of  this  calculation  is  that  the  1/r  tail  of  the  curve  in  both 
cases  is  70%  of  the  Ewald  sum  for  each  of  the  structures,  strongly  implying 
that  partial  charges  should  be  85%  of  the  real  ones. 

Any  potentials  between  atoms  must  satisfy  these  total  energy  curves  for  the  two 
structures  Many  much  smaller  crystals,  not  occurring  in  nature  were  modeled  as 
well,  and  the  results  for  these  were  combined  into  a  data  base  used  to  design  potentials. 
When  ionic  models  were  compared  with  the  quantum  mechanical  results,  some¬ 
thing  else  very  important  was  discovered.  The  boron-boron  repulsive  interaction 
due  to  ionic  forces  was  much  too  strong.  It  was  found  that  in  the  vicinity  of  an 
oxygen  ion,  the  ion  polarized  and  screened  the  borons  from  one  another.  Conse¬ 
quently,  it  was  found  necessary  to  construct  a  model  of  an  oxygen  ion  which  was 
polari^le.  The  polarizability  in  the  presence  of  multiple  charges  was  also  directionally 
dependent,  and  showed  tetrahedral  symmetry.  A  simple  model  of  the  oxygen  ion 
was  then  constructed  which  had  a  central  chaige,  and  four  auxiliary  charges  in  a 
tetrahedron  around  the  center.  These  auxiliary  charges  had  one  set  of  springs  at¬ 
taching  them  to  each  other  and  another  set  attaching  them  to  the  nucleus 

Thus  the  parameters  in  the  model  were  the  size  of  the  auxiliary  charges,  their 
equihbrium  distance  from  the  oxygen  nucleus,  their  spring  constants  and  their  repul- 
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Fig.  4.  A  triangular  schematic  of  the  tetrahedral  model. 

sive  coefficients  for  external  interactions.  If  the  charges  were  zero,  one  had  the  simple 
ionic  model  for  the  oxygen  ion.  The  range  explored  for  the  charges  was  from  zero  to 
-2  for  the  four  auxiliary  charges,  and  the  central  charge  was  correspondingly  changed 
from  -2  to  +6  to  make  the  sum  of  the  five  charges  be  -2.  The  details  of  this  fitting 
procedure  will  be  explained  in  a  more  comprehensive  paper  to  follow. 

Over  the  range  of  parameters  explored,  vitreous  boric  oxide  was  modeled.  In 
every  case,  the  predominant  structural  feature  to  emerge  was  the  BO3  triangle. 
Over  the  full  range  of  parameters,  the  numbers  of  boroxol  rings  varied  from  1  in 
the  simple  ionic  structure  to  40  in  the  upper  limit  of  parameters  explored.  Since 
each  ring  contains  three  borons,  and  there  are  400  borons  in  the  simulation,  each 
ring  corresponds  to  3/4%  of  the  borons  in  boroxol  ringSu  Thus  the  range  observed 
over  the  full  parameter  set  was  from  less  than  1%  to  30%  of  the  borons  in  boroxol 
ringSL  When  the  requirement  was  added  that  the  parameters  reproduce  the  crystal 
structuresas  stable  structures  was  added,  the  number  of  boroxol  rings  in  the  struc¬ 
tures  ranged  from  5  to  20.  When  the  last  requirement  was  added  that  the  potentials 
reproduce  the  crystalline  energy  curves  as  a  function  of  cell  size,  as  well  as  the  data 
base  for  smaller  crystals  vdiich  do  not  occur  in  nature  because  their  energies  are 
too  high,  the  complete  parameter  set  was  determined.  The  final  model  was  gener¬ 
ated  by  a  Monte  Carlo  study  in  which  the  temperature  was  set  very  high  and 
cooled  by  five  parts  per  million  after  adjusting  each  of  the  degrees  of  freedom  in 
the  problem,  and  each  degree  of  freedom  had  an  adjustable  step  size  which  was 
slowly  changed  to  keep  the  success  rate  of  the  steps  slightly  under  50%.  Under  this 
cooling  schedule,  the  rate  of  cooling  was  proportional  to  the  temperature,  and  the 
lower  the  temperature,  the  slower  the  cooling.  The  degrees  of  freedom  were  accessed 
in  random  order  to  avoid  correlation  between  neighboring  adjustments. 

The  polarizable  model  has  the  correct  density,  consists  primarily  of  BO3 
triangles  with  some  bonding  defects,  and  contains  16  boroxol  rings  correspond¬ 
ing  to  12  of  the  borons  in  boroxol  rings. 

One  feature  of  the  more  complex  model  is  that  the  B-B  first  peak  and  the 
0-0  first  peak  occur  at  the  same  separation.  In  the  ionic  model,  this  is  not 
true.  The  two  models  give  BOB  bonding  angles  of  120°  and  154°  respectively 
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Fig.  5.  Correlation  function  of  simple  ionic  model. 

with  a  width  of  a  few  degrees.  The  next  two  figures  compare  the  correlation 
functions  of  the  simple  ionic  model  and  the  oxygen  model  and  are  followed  by 
the  neutron  correlation  function  of  Johnson  et  al.  [17]. 


3.  RAMAN  SPECTRA  OF  BORATES 

To  quantitatively  check  this  prediction,  it  would  be  necessap^  to  compare  the 
Raman  spectrum  of  the  boric  oxide  glass  with  a  sample  in  which  the  concentra¬ 
tion  of  boroxol  rings  is  known.  Fortunately,  it  is  possible  to  prepare  such  a  sample. 
When  boric  acid  is  neutralized  with  sodium  hydroxide,  sodium  metaborate  is 
formed,  and  as  long  as  there  is  a  slight  excess  of  sodium  hydroxide,  the  conversion 
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Fig.  6.  Correlation  functions  of  polarizable  oxygen  model. 
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Fig.  7.  Correlation  functions  of  neutron  diffraction  [17]. 

is  complete.  Therefore  a  sample  was  prepared  by  dissolving  7-73  g  of  boric  acid 
with  5-03  g  sodium  hydroxide  in  100  ml  of  water.  The  Raman  spectrum  of  this 
sample  was  taken  on  the  high  resolution  Raman  spectrometer  at  Cornell  Univer¬ 
sity  along  with  the  sample  diluted  by  a  factor  of  two  and  by  two  again.  A  sample 
of  anhydrous  vitreous  boric  oxide  pure  to  a  part  per  million  was  purchased  from  a 
semiconductor  supply  house.  This  sample  was  ground  under  oil  to  just  fit  in  the 
same  spectrophotometer  bottle  as  the  liquid  samples.  A  thin  film  of  index  oil  was 
used  to  index  match  the  interface  between  the  boric  oxide  and  silica  surfaces.  The 
Raman  spectrum  of  the  sample  was  taken  along  with  that  of  a  bottle  of  the  index 
oil.  No  index  oil  peaks  were  found  in  the  Raman  spectrum  of  the  glass. 

The  peak  of  the  sodium  metaborate  rings  was  at  795  cm“^  and  its  area  was 
proportional  to  the  concentration.  The  Raman  peak  of  the  boric  oxide  glass 
was  at  808  cm“^  and  the  area  under  the  peak  was  4-07  times  the  area  of  the 
most  concentrated  sodium  metaborate  sample.  This  corresponds  to  10*7%  of 
the  borons  in  the  vitreous  boric  oxide  in  boroxol  rings. 

The  errors  in  the  Raman  determination  have  to  do  with  changes  in  transition 
matrix  elements,  a  tumbling  versus  static  environment,  the  fraction  of  the 
metaborate  actually  in  rings  and  differences  in  the  electric  field  intensities  due  to 
differences  in  the  index  of  refraction.  The  oxygen  ions  in  the  ring  are  moving  in 
this  mode,  and  the  bonding  environment  of  these  ions  does  not  differ  from  those 
in  the  glass  until  third  neighbors,  and  the  estimated  effect  on  the  matrix  element 
is  of  the  order  of  a  few  percent.  Estimates  of  the  moment  of  inertia  of  the 
boroxol  group  also  indicate  that  the  tumbling  time  is  long  compared  to  the  vi¬ 
bration  time  and  consequently  no  effect  should  be  expected,  and  the  liquid  and 
vitreous  samples  can  both  be  considered  stationary.  If  some  of  the  metaborate  is 
not  in  rings,  which  the  excess  of  sodium  hydroxide  is  supposed  to  prevent,  the 
above  estimate  will  be  an  over  estimate  of  the  ring  concentration  in  the  glass. 
Worst  case  analysis  of  these  errors  leads  one  to  an  upper  bound  of  20%  in  the 
error  of  the  determination,  or  2%  in  the  fraction  of  borons  in  boroxol  rings. 
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Fig.  8.  Raman  spectra  of  vitreous  boric  oxide  and  sodium  metaborate  solutions. 

4.  REVERSE  MONTE  CARLO 

Reverse  Monte  Carlo  simulations  by  Swenson  &  Borjesson  [20]  put  an  up¬ 
per  limit  of  30%  of  the  borons  being  in  boroxol  rings  in  the  following  manner. 
One  can  construct  a  model  with  large  numbers  of  boroxol  rings,  but  above 
30%  it  is  impossible  to  achieve  both  a  good  fit  to  the  diffraction  pattern  and  a 
good  density.  Their  best  fit  was  with  a  fraction  of  boron  in  boroxol  rings  of 
around  10%.  The  primary  criticism  of  Reverse  Monte  Carlo  is  that  it  can  fit 
far  too  much  since  its  only  constraints  are  bonding  topology  and  fitting  the 
diffraction  results.  When  Reverse  Monte  Carlo  is  unable  to  construct  a  viable 
model,  it  argues  strongly  that  such  a  model  is  topologically  infeasible  under 
the  constraints  of  fitting  the  density  and  the  diffraction  results. 

As  an  exercise,  the  neutron  diffraction  results  were  fitted  using  as  a  starting 
point  the  final  relaxed  results  of  the  polarizable  oxygen  model,  and  perfect  agree¬ 
ment  was  reached  with  an  root-mean-square  displacement  of  only  one-tenth 
Angstrom  per  atom.  Although  the  density  and  diffraction  results  were  very  good 
for  the  original  model,  the  exact  density,  and  a  perfect  fit  to  the  diffraction  re¬ 
sults  are  achieved  with  an  essentially  infinitisimal  perturbation  of  the  model. 

5.  CONCLUSIONS 

By  making  advances  in  the  calculation  methods  for  solutions  to 
Schroedinger’s  equation,  we  have  been  able  to  bring  quantum  mechanical  meth¬ 
ods  indirectly  to  glass  chemistry.  We  now  have  a  simple  way  to  summarize 
these  results  and  are  able,  for  the  first  time,  to  derive  structures  for  simple 
glasses  which  show  correct  covalent  effects  in  the  bonding.  The  results  are  some¬ 
times  surprising  as  in  the  case  of  the  boroxol  rings  in  boric  oxide.  This  simula¬ 
tion  predicts  that  while  all  BOB  bonding  angles  are  near  120°,  only  12%  of  the 
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borons  in  boric  oxide  glass  are  in  boroxol  rings. 

An  independent  quantitative  Raman  measurement  places  the  number  at  1 1%. 
It  is  estimated  that  the  error  on  each  of  these  determinations  is  in  the 
neighborhood  of  2-3%. 

Thus,  both  the  simulation  and  the  direct  determination  of  ring  concentration 
find  the  fraction  of  borons  in  boroxol  rings  lies  between  9-1 5%.  A  crude  integra¬ 
tion  under  the  peak  of  vibrational  density  of  states  measured  in  [19]  is  com¬ 
pletely  compatible  with  this  result  as  is  the  result  from  Reverse  Monte  Carlo  [20]. 

In  conclusion,  potentials  which  reproduce  ab  initio  interactions  between 
arbitrary  combinations  of  boron  and  oxygen  ions  lead  to  a  model  which  also 
reproduces  structural  and  property  determinations  of  vitreous  boric  oxide. 
This  model  predicts  a  concentration  of  boroxol  rings  nearly  an  order  of  mag¬ 
nitude  lower  than  other  interpretations  of  the  known  data. 

The  simulations  may  perhaps  be  controversial,  but  the  direct  measurement  of 
concentration  of  boroxol  rings  cannot  be  in  error  enough  to  make  up  the  factor 
of  seven  difference  between  what  is  observed  and  what  is  commonly  believed. 
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AB  INITIO  MOLECULAR  ORBITAL  CALCULATIONS  ON 
THE  STRUCTURE  AND  THE  LOW-FREQUENCY 
VIBRATIONAL  MODES  IN  B2O3  AND  ALKALI  BORATE 

GLASSES 
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Institute  for  Chemical  Research,  Kyoto  University, 
Uji,  Kyoto  611,  Japan 


We  have  performed  ab  initio  molecular  orbital  calculations  on  the  clusters 
modeling  the  medium-range  structures  in  B2O3  and  alkali  borate  glasses  at 
the  Hartree-Fock/6-31G*  level.  It  has  been  shown  that  the  optimized  struc¬ 
tural  parameters  are  in  good  agreement  with  the  observed  ones.  The  calcu¬ 
lations  yield  Na-O  distances  ranging  from  2T7  to  2-42  A.  Using  the 
optimized  clusters,  we  have  carried  out  a  vibrational  analysis  to  interpret 
low-frequency  vibrational  modes  observed  for  the  glasses.  The  frequency 
calculations  of  the  clusters  having  pentaborate  and  diborate  units  have  suc¬ 
cessfully  reproduced  the  observed  far  infrared  asymmetric  absorption  pro¬ 
files  which  can  be  deconvoluted  into  two  broad  bands.  According  to  the 
normal  coordinates  calculated,  the  two  absorption  bands  are  attributed  to 
two  different  types  of  vibrations  of  alkali  cations  in  a  specific  network  envi¬ 
ronment.  Furthermore,  the  calculations  have  reproduced  the  low-frequency 
(20-100  cm"b  Raman  scattering  peak  or  the  so-called  “boson  peak”  ob¬ 
served  for  B2O3  and  alkali  borate  glasses.  We  have  found  that  these  low- 
frequency  vibrational  modes  result  from  the  collective  or  wavelike  motions 
localized  in  the  medium-range  order  in  the  glasses. 


1.  INTRODUCTION 

Borate  glasses  are  technologically  interesting  materials  since  they  have  found 
use  in  various  commercial  applications  such  as  fast  ionic  conductors  and  mi¬ 
croelectronic  devices.  In  addition  to  the  practical  importance,  they  are  of  con¬ 
siderable  interest  from  a  structural  point  of  view.  NMR  [1,2],  Raman  [3,4], 
X-ray  [5]  and  neutron  scattering  [6,7],  and  infrared  [8]  studies  have  demon¬ 
strated  that  borate  glasses  consist  mainly  of  relatively  large  structural  units 
such  as  boroxol,  pentaborate,  triborate,  diborate,  and  metaborate  groups.  Thus, 
borate  glasses  cannot  be  viewed  as  a  simple  three-dimensional  continuous  ran¬ 
dom  network  constructed  from  BO3  triangles  and/or  BO4  tetrahedra. 

Although  such  structural  units  in  borate  glasses  have  been  well  documented, 
a  complete  knowledge  about  the  coordination  environments  of  the  so-called 
network  modifier  cations  is  still  lacking.  It  is  generally  accepted  that  vibra¬ 
tions  of  alkali  cations  in  oxide  glasses  give  rise  to  far  infrared  absorption  bands 
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below -500  cm“^  [9,10].  The  far-infrared  spectra  hence  yield  information  about 
the  nature  of  the  bond  between  the  alkali  cation  and  its  surrounding  glass 
network;  such  information  will  be  necessary  for  a  better  understanding  of  the 
conduction  mechanism,  which  is  most  likely  related  to  jump  motions  of  the 
mobile  cations.  The  cation-network  interactions  in  alkali  borate  glasses  have 
been  extensively  studied  by  Kamitsos  and  his  coworkers  [10,11].  They  have 
found  that  the  far-infrared  spectra  of  alkali  borate  glasses  yield  the  asymmet¬ 
ric  profile  that  can  be  deconvoluted  into  two  Gaussian  type  bands.  Kamitsos 
et  al.  [10]  then  proposed  that  these  two  far-infrared  bands  are  assigned  to  cation 
vibrations  in  two  different  distributions  of  anionic  site  environments.  How¬ 
ever,  this  hypothesis  has  not  been  proved  directly  yet,  and  no  previous  model 
calculations  have  reproduced  these  two  component  bands  in  alkali  borate 
glasses. 

On  the  other  hand,  much  interest  has  recently  been  devoted  to  the  study  of 
the  low-frequency  (<  -100  cm"^)  Raman  spectra  of  borate  glasses  [12,13].  B2O3 
glass  yields  a  broad  low-frequency  peak  at  -25  cm~\  and  the  peak  shifts  to 
higher  frequencies  with  increasing  alkali-oxide  content  [12,13].  The  presence 
of  the  low-frequency  peak,  which  is  often  called  the  “boson  peak,”  is  a  prop¬ 
erty  common  to  other  glass-forming  systems  but  is  absent  in  the  correspond¬ 
ing  crystalline  solids.  The  origin  of  the  boson  peak,  however,  has  not  been 
fully  understood  yet  and  is  still  a  subject  of  discussion. 

Recently,  ab  initio  molecular  orbital  (MO)  methods  have  achieved  great  suc¬ 
cesses  in  calculating  electronic,  geometrical,  and  vibrational  structures  of  ox¬ 
ide  and  molecular  glasses  [14-16],  indicating  the  principal  importance  of  the 
local  and  medium-range  geometries  in  establishing  real  non-crystalline  solids. 
In  this  study,  we  carry  out  ab  initio  MO  calculations  on  several  model  clusters 
having  boroxol,  pentaborate,  and  diborate  groups  to  interpret  low-frequency 
vibrational  properties  of  B2O3  and  sodium  borate  glasses.  On  the  basis  of  the 
calculated  results,  a  new  model  of  the  two  component  bands  of  alkali  borate 
glasses  in  the  far-infrared  region  is  presented.  Furthermore,  we  calculate  Ra¬ 
man  scattering  intensities  for  the  low-frequency  vibrational  modes  of  these 
model  clusters  and  show  that  the  boson  peak  results  from  the  collective  mo¬ 
tions  localized  in  the  medium-range  structure  in  the  glasses. 

2.  MODELS  AND  CALCULATIONAL  PROCEDURE 

In  this  work,  we  use  some  small  “optimized”  clusters  as  models  of  the  me¬ 
dium-range  structure  of  the  corresponding  glass  systems.  This  is  based  on  the 
concept  that  in  glasses  the  medium-range  structure  is  determined  not  by  the 
long-range  potential  surface  that  can  be  found  in  crystals  but  by  the  relatively 
localized  potential  surface  that  might  be  found  in  melts.  This  concept  is  in  line 
with  the  suggested  idea  that  the  tendency  to  form  a  glass  rather  than  a  crystal 
may  be,  in  general,  due  to  the  elements  of  medium-range  order  in  the  melt 
which  do  not  exist  topologically  in  any  of  crystalline  polymorphs  [17]. 

As  for  the  structure  of  B2O3  glass,  a  wide  variety  of  experimental  data  sup- 
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port  the  boroxol  ring  (BjOg)  model;  that  is,  B2O3  glass  consists  of  a  random 
three-dimensional  network  of  BO3  triangles  with  a  large  fraction  of  almost 
planar  boroxol  rings  [2-6].  We  hence  employed  the  liiBgOn  cluster,  which  is 
composed  of  two  boroxol  rings  interconnected  by  one  extra-annular  oxygen, 
as  a  model  of  the  medium-range  structural  unit  in  B2O3  glass.  The  hydrogen 
atoms  in  the  cluster  are  used  to  saturate  the  dangling  bonds  of  ‘‘surface”  oxy¬ 
gen  atoms.  It  should  be  mentioned  that  previous  ab  initio  MO  calculations  on 
the  vibrational  spectra  of  B303(0H)3  modeling  one  boroxol  ring  did  not  yield 
frequencies  lower  than  100  cm"^  [18,19],  indicating  that  the  B303(0H)3  cluster 
is  too  small  to  reproduce  the  observed  boson  peak  frequencies  at  ~25  cm'*. 
The  geometry  of  the  H4BgOn  cluster  was  completely  optimized  at  the  Hartree- 
Fock  (HF)  level  with  the  6-3 IG*  basis  set  [20]  and  the  frequency  calculations 
were  carried  using  the  HF/6-31G*  geometry.  Force  constants  were  obtained 
by  the  gradient  method  [21],  and  Raman  scattering  intensities  were  calculated 
according  to  the  procedure  of  Frisch  and  coworkers  [22]. 

The  H4B50]oNa  and  H4B409Na2  clusters,  which  represent  the  pentaborate  and 
diborate  groups,  respectively,  were  used  to  model  the  medium-range  structures 
of  sodium  borate  glasses.  The  geometries  of  these  clusters  were  also  completely 
optimized,  and  frequency  calculations  were  performed  at  the  HF/6-31G*  level. 

All  ab  initio  MO  calculations  in  this  work  were  carried  out  using  the 
GAUSSI AN94  computer  program  [23]  on  the  CRAY  Y-MP2E/264  supercomputer. 

3.  RESULTS 

3.1.  Optimized  Structure 

Principal  optimized  bond  distances  of  the  H4B60n  cluster  calculated  at  the 
HF/6-31G*  level  are  shown  in  Fig.  1.  We  see  from  Fig.  1  that  the  almost  plane 
boroxol  rings  were  obtained  and  that  the  average  B-0  bond  distance  of  model 
I  at  the  HF/6-3 1 G*  level  is  1  •  3  59  A,  which  is  reasonably  in  accordance  with  the 
observed  B-O  distance  for  vitreous  B2O3  (1-367  A,  Ref  7). 


Fig.l.  The  optimized  geometry  of  the  H4B6O11  cluster  calculated  at  the  HF/6-3 IG*  level. 
Principal  bond  distances  are  shown  in  A. 
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As  for  the  H4B50ioNa  cluster,  we  obtained  the  two  optimized  geometries 
whose  total  energies  E  slightly  differ  from  each  other  (AE  =10*lkJ/mol).  We 
refer  to  the  lower  and  higher  energy  forms  of  the  clusters  as  types  I  (Fig.  2(a)) 
and  II  (Fig.  2(b)),  respectively. 

One  notices  from  Fig.  2  that  the  coordination  environment  of  Na  in  type  I 
is  considerably  different  from  that  in  type  II.  That  is,  the  Na  atom  in  type  I  is 


Fig.2  The  optimized  geometry  of  the  alkali  borate  clusters  at  the  HF/6-31G*  level: 

(a)  a  lower  (type  I)  and  (b)  a  higher  (type  II)  energy  forms  of  H4B50ioNa,  (c)  H4B409Na2. 
Principal  bond  distances  are  shown  in  A.  Arrows  indicate  the  vector  displacements  of  each 

Na  atom  for  the  Vh  and  Vl  modes. 
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Table  1 

Vibrational  Frequencies  n,  Infrared  /m  and  Raman  scattering  4  intensities  of  the  modes  less 
than  200  cm“‘  calculated  for  the  H4B6O11  cluster  at  the  HF/6-31G*  level. 


Mode  No. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

V  (cm'h 

23-9 

25-4 

36-8 

12M 

125-1 

128-9 

129-0 

133-8 

138-71 

/iR  (km/mol) 

0-13 

0-48 

0-19 

0-19 

0-22 

0-04 

0-78 

1-63 

0-36 

4  (A7AMU) 

0-84 

0-24 

0-32 

0-13 

0-08 

0-04 

0*01 

0-02 

0-08 

two-coordinated  to  the  oxygens  in  the  BO4  tetrahedron  (the  average  Na~0 
distance  i?Na-o(av)is  2-183  A),  whereas  the  Na  in  type  II  is  three-coordinated  to 
the  oxygens  in  the  BO4  tetrahedron  (7?Na-o(av)=2-339  A).  X-ray  [24]  and  neutron 
[7]  diffraction  and  EXAFS  [25]  experiments  on  alkali  borate  glasses  have  re¬ 
ported  different  values  of  the  nearest-neighbor  Na-O  distance,  namely,  ~2-4, 
'-'2-3,  and  ~2-2  A,  respectively.  Thus,  we  cannot  tell  which  type  of  the  Na  coor¬ 
dination  environment  would  be  more  realistic  in  the  actual  glass  network.  It 
should  also  be  noted  that  the  nearest-neighbor  Na-B  distances  in  types  I  and 
II  are  calculated  to  be  2-754  A  and  2-464  A,  respectively.  The  radial  distribu¬ 
tion  functions  (RDFs)  obtained  from  X-ray  diffraction  measurements  [24]  in¬ 
deed  have  shown  that  the  Na  atoms  in  borate  glasses  have  coordination 
environments  at  ~2-7  A,  suggesting  that  the  Na-B  correlations  should  not  be 
neglected  in  analyzing  the  Na-O  peak  in  the  RDFs. 

On  the  other  hand,  the  geometry  optimization  of  the  H4B409Na2  cluster  yielded 
one  stable  structure  shown  in  Fig.  2  (c),  in  which  each  Na  atom  is  three-coordi¬ 
nated  to  the  oxygens  in  the  nearest  BO4  tetrahedron.  The  optimized  values  of 
-^Na-o(av)  ^ud  Rfi-ocav)  Were  calculated  to  be  2-266  and  2-402  A,  respectively. 


Table  2 

Vibrational  Frequencies Infrared  /ir  and  Raman  scattering  4  intensities  of  the  modes  less 
than  350  cm“^  calculated  for  the  alkali  borate  cluster  at  the  HF/6-31G*  level. 


Mode  No. 

1  2  3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

H4B50ioNa  type  I 


V  (cm“‘) 

34-3 

49.4 

49.9 

70-6 

110-2 

138-1 

140-0 

189-0 

257-2 

264-0 

318-8 

333-0 

/ir  (km/mol) 

0-96 

0-86 

0-35 

27-21 

3-05 

1-27 

6-35 

28-11 

14-67 

34-07 

19-82 

3-85 

/rAVAMU)  0-18 

H4B50,oNa  type  II 

0-51 

0-86 

0-24 

0-03 

0-01 

0-06 

0-01 

0-40 

0-33 

0-33 

0-30 

V  (cm"^) 

31-9 

52-7 

55-1 

73-7 

118-2 

135-6 

138-6 

143-2 

265-1 

281-4 

301-6 

320-8 

/ir  (km/mol) 

2-19 

4-48 

20-53 

1-83 

0-01 

2-78 

3-17 

31-37 

4-38 

56-80 

1-95 

13-89 

4  (A7AMU) 

H4B409Na2 

0-63 

0-34 

0-32 

0-54 

0-00 

0-05 

0-00 

0-07 

0-6 

0-27 

0-02 

0-39 

V  (cm"‘) 

69-6 

89-3 

98-0 

120-3 

135-5 

148-5 

165-1 

270-4 

288-2 

303-4 

316-8 

329-8 

/ir  (km/mol) 

2-36 

0-00 

18-19 

23-68 

11-87 

4-66 

26-36 

46-54 

4-62 

26-13 

36-77 

57-15 

/r  (A^AMU) 

0-69 

0-17 

0-12 

0-09 

0-04 

0-12 

0-00 

1-10 

0-89 

0-28 

0-36 

0-04 
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Frequency  (cm'i) 

Fig.3.  (a)  Experimental  (Ref.  [11])  and  (b)  calculated  far-infrared  spectra  of  sodium  borate 

glasses. 


3.2.  Frequency  Calculations 

The  calculated  low-frequency  (<  400  cnr^)  harmonic  frequencies  and  their 
infrared  and  Raman  scattering  intensities  are  listed  in  Tables  1  and  2.  Figures  3 
and  4  show  the  calculated  far-infrared  and  Raman  spectra.  The  effects  of  broad¬ 
ening  were  included  by  introducing  a  Gaussian-like  (Fig.  3)  and  a  Lorentzian- 
like  (Fig.  4)  distributions  for  each  vibrational  mode  with  full  widths  at  half 
maximum  of  120  and  50  cm“^  respectively,  to  reproduce  the  oberved  spectra. 

4.  DISCUSSION 
4.1.  Far-Infrared  Spectra 

As  mentioned  in  the  Introduction,  Kamitsos  et  al.  [10]  showed  that  the  ob¬ 
served  far-infrared  absorption  spectra  of  alkali  borate  glasses,  especially  those 
of  Li,  Na,  and  K  glasses,  can  be  deconvoluted  into  two  Gaussian  component 
bands;  the  frequencies  at  peak  maxima  have  been  designated  by  Vh  and  Vl,  for 
the  high-  (H)  and  low-  (L)  frequency  components,  respectively.  Both  Vh  and  Vl 
increase  with  increasing  alkali-oxide  content.  For  sodium  borate  glasses,  Vh 
ranges  from  150  to  250  cm"^  and  VLfrom  100  to  150  cm"^  As  shown  in  Fig.  3, 
the  observed  far-infrared  envelopes  have  been  reasonably  reproduced  by  the 
present  cluster  model  calculations.*  As  a  result  of  the  normal  mode  analysis. 
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Fig.4.  (a)  Experimental  (Ref.  [13])  and  (b)  calculated  Raman  spectra  of  B2O3  and  sodium 
borate  glasses.  Inset  shows  the  observed  changes  in  the  boson  peak  frequencies  of 
B203-JcNa20  glasses  (Ref  [13]). 

we  have  found  that  these  far-infrared  bands  are  mainly  due  to  the  motions  of 
the  Na  atom  and  that  two  types  of  nuclear  motion  in  each  Na  coordination 
environment  produce  the  H  and  L  components  (see  Figs.  2  and  3);  each  Na 
atom  is  oscillating  in  one  virtual  plane  to  yield  the  L  components,  and  the 
other  motions  perpendicular  to  the  plane  give  rise  to  the  H  components.  These 
calculated  results  strongly  suggest  that  the  origin  of  the  two  component  bands 
in  the  far-infrared  spectra  of  alkali  borate  glasses  should  be  attributed  to  the 
I  two  types  of  vibrational  motions  in  a  specific  Na  coordination  environment. 

4.2.  Low-Frequency  Raman  Spectra 

We  see  from  Fig.  4  that  the  calculated  low-frequency  Raman  scattering  peak 
shifts  to  higher  frequencies  in  the  order  H4B6O11  (~30  cm“0,  H4B50ioNa  (~50 
cm“^  for  both  types  I  and  II),  H4B409Na2(~75  cm“^).  The  tendency  is  quantita- 


*It  appears  that  the  calculated  frequencies  are  slightly  higher  than  the  observed  ones.  This  is  a 
common  feature  of  the  HF  frequencies.  It  has  been  demonstrated  that  the  harmonic  frequencies 
calculated  at  the  HF  level  are  consistently  larger  than  the  experimental  values  by  10-15  %  [26]. 
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tively  in  agreement  with  the  experimental  results  [13].  A  normal-mode  analy¬ 
sis  has  revealed  that  these  low-frequency  vibrational  modes  result  from  a  sort 
of  out-of-plane  bending  motions  of  the  whole  skeleton  of  the  respective  clus¬ 
ters.  We  have  recently  been  shown  that  the  cyclic  glycerol  trimer,  which  repre¬ 
sents  the  region  of  medium-range  ordering  in  liquid  and  supercooled  glycerol, 
gives  rise  to  the  low-frequency  vibrational  modes  at  ~50  cm"^  in  good  accord 
with  experiments  and  that  these  modes  result  from  the  localized  collective 
motions  of  the  cooperatively  hydrogen-bonded  hydroxyl  groups  [27].  These 
calculated  results  on  borate  glasses  and  glycerol  allow  us  to  propose  a  micro¬ 
scopic  origin  of  the  boson  peak;  that  is,  the  boson  peak  most  likely  originates 
from  the  localized  collective  motions  of  the  medium-range  structure  in  glasses. 
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The  structure  of  vitreous  boron  trioxide  has  been  investigated  by  the  Re¬ 
verse  Monte  Carlo  (RMC)  method  using  reported  neutron  and  X-ray  data. 
The  aim  was  twofold;  to  test  structural  models  with  and  without  boroxol 
rings  and  to  estimate  the  extent  of  intermediate  range  structural  ordering. 
For  the  first  purpose  we  created  structural  configurations  with  a  variable 
fraction  of  boron  atoms  in  boroxol  rings.  The  models  containing  large 
amounts  of  boroxol  rings  show  significantly  larger  deviations  from  the  ex¬ 
perimental  diffraction  results  than  those  with  small  fractions.  Furthermore, 
features  of  the  bond  angle  and  dihedral  angle  distributions  as  well  as  visual 
inspection  of  the  boroxol  rich  models  show  that  most  of  the  rings  in  these 
models  are  seriously  distorted  from  planarity.  It  is  evident  that  it  is  not  pos¬ 
sible  to  reproduce  the  experimental  neutron  structure  factor  with  a  high 
fraction  (>30%)  of  borons  in  planar  boroxol  rings.  For  the  second  purpose 
we  have  created  RMC  models  of  vitreous  B2O3  with  various  number  of  at¬ 
oms  (100-5000  atoms).  The  comparison  with  experimental  neutron  diffrac¬ 
tion  results  shows  that  the  shape  of  the  first  sharp  diffraction  peak  (FSDP) 
is  determined  by  intermediate  range  correlations  extending  out  to  about  1 5 
A  for  vitreous  B2O3. 


1.  INTRODUCTION 

The  structure  of  network  glasses  in  general  and  vitreous  boron  trioxide  (B2O3) 
in  particular  has  been  a  much  debated  issue  for  many  years.  Two  of  the  most 
controversial  issues  have  been  the  structural  origin  of  the  first  sharp  diffrac¬ 
tion  peak  (FSDP)  and  the  possible  presence  of  well-defined  rings  in  the  struc¬ 
ture.  The  phenomenon  of  the  FSDP  in  network  glasses  is  still  not  well 
understood  [1-16]  and  there  is  not  even  any  consensus  on  the  spatial  extent  of 
the  ordering  associated  with  it.  A  number  of  models  based  on  different  struc¬ 
tural  assumptions  have  been  proposed  with  the  aim  of  explaining  the  struc¬ 
tural  origin  of  the  FSDP  Most  models  explain  the  FSDP  in  terms  of  various 
specific  characteristic  structural  features  such  as  ordering  between  layers  [1], 
correlations  of  randomly  close-packed  short  range  structural  units  [5-6],  cor¬ 
relations  between  cation  centered  clusters  and  voids  in  the  network  structure 
[7-9],  repeated  and  well  correlated  density  fluctuations  or  clusters  [2-4],  the 
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presence  of  quasi-lattice  Bragg  planes  [13]  etc.  The  universality  of  the  pheno¬ 
menon  for  network  glasses  may,  however,  indicate  some  kind  of  general  expla¬ 
nation. 

In  several  of  the  models  the  FSDP  is  associated  with  a  (quasi-)periodicity  in 
real  space  characteristic  of  the  intermediate  range  order  in  the  material.  The 
position,  Qi,  of  the  FSDP  is  then  usually  assumed  to  be  related  to  a  real  space 
periodic  distance,  d~27i/Qi,  and  the  width  of  the  peak  is  interpreted  to  arise 
from  a  damping  in  amplitude  of  the  real  space  oscillations.  For  most  network 
glasses  the  FSDP  is  located  at  around  1-1-7  A“^  and  the  width,  AQi,  is  about 
0-3Qi.  This  corresponds  then  to  a  characteristic  distance  of  about  3-6  A  and  a 
correlation  length,  l~27r/AQj,  of  10-20  A.  Recently  it  has  been  indicated  that 
there  is  a  further  extended  range  ordering,  which  extends  well  beyond  35  A,  on 
the  basis  of  an  analysis  of  large  molecular  dynamics  simulations  of  a-Si  [3]. 
This  distance  is  considerably  longer  than  the  width  of  the  FSDP  would  indi¬ 
cate.  Whether  this  is  a  general  phenomenon  for  network  glasses  remains  to  be 
investigated. 

The  question  about  the  presence  of  well-defined  rings  in  the  structure  of 
network  glasses  is  particularly  debated  for  B2O3.  Krogh-Moe  suggested  that 
the  majority  of  the  BO3  triangles  form  planar  six-fold  (B3O3)  boroxol  rings 
[17].  According  to  the  Krogh-Moe  model,  the  glass  structure  consists  of  ran¬ 
domly  connected  boroxol  rings  rather  than  a  random  network  of  corner  linked 
triangles  as  was  formerly  suggested  by  Zachariasen  [18].  Other  experimental 
observations,  such  as  the  sharp  Raman  vibrational  mode  at  808  cm"^  [19],  and 
specific  features  in  the  nuclear  magnetic  resonance  (NMR)  [20]  and  nuclear 
quadrupole  resonance  (NQR)  [21]  spectra,  have  given  strong  indications  of 
the  presence  of  well  defined  molecular  entities  in  the  structure  which  are  sug¬ 
gested  to  be  boroxol  rings.  Furthermore,  local  structural  models,  containing  a 
mixture  of  boroxol  rings  and  BO3  triangles  with  a  variable  fraction  of  boron 
atoms  in  boroxol  rings,  have  been  compared  with  neutron  diffraction  data 
[22,23]  and  the  results  indicated  that  the  structure  of  B2O3  consists  of  a  rela¬ 
tively  high  fraction  of  boroxol  rings.  The  models  were  compared  with  the  ex¬ 
perimental  real  space  correlation  function  T(r)  [22]  and  the  structure  factor 
[23]  obtained  from  neutron  diffraction  and  the  best  agreement  was  obtained 
for  models  containing  60%  and  80%  of  the  boron  atoms  in  boroxol  rings,  re¬ 
spectively.  The  comparisons  were,  however,  only  made  in  the  r-range  0-2-7  A 
and  the  Q-range  5-24  A"^,  respectively,  and  no  density  constraint  was  applied. 
Thus,  the  investigations  in  references  22  and  23  have  considered  mainly  the 
short  range  order  of  B2O3,  which  largely  is  insensitive  to  the  fraction  of  boroxol 
rings. 

The  aim  of  this  study  is  to  test  the  boroxol  ring  model  on  a  structural  basis, 
considering  both  the  short  and  intermediate  range  order,  and  to  investigate  the 
extent  of  the  intermediate  range  order  associated  with  the  FSDP  of  vitreous 
B2O3.  It  is  evident  that  both  these  investigations  are  difficult  to  perform  using 
only  experimental  techniques.  Computer  simulations  of  model  structures  of- 
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fer  the  possibility  to  investigate  intermediate  range  correlations  more  easily, 
provided  that  the  atomic  configurations  are  large  enough.  However,  it  seems 
to  be  difficult  to  estimate  the  fraction  of  boroxol  rings  by  using  conventional 
simulation  techniques  such  as  molecular  dynamics  (MD)  and  Monte  Carlo 
(MC),  since  it  has,  so  far,  not  been  possible  to  find  interatomic  potentials  which 
produce  structural  models  with  a  large  fraction  of  boroxol  rings  and  which 
simultaneously  can  reproduce  the  experimental  data  and  the  correct  density. 
Therefore,  we  take  a  new  approach  and  apply  the  Reverse  Monte  Carlo  (RMC) 
simulation  technique  [24,25]  to  the  reported  experimental  neutron  and  X-ray 
data  [26].  Models  with  the  correct  density  and  with  varying  number  of  atoms 
(100-5000)  and  fractions  (9-50%)  of  boroxol  rings  are  created,  which  all  are  in 
better  or  equal  agreement  with  the  experimental  S(Q)  than  the  simple  models 
in  [22,23]. 

2.  COMPUTATIONAL  PROCEDURE 

The  Reverse  Monte  Carlo  method  [24,25]  has  been  shown  to  be  an  excellent 
tool  to  investigate  various  structural  aspects  of  disordered  materials.  It  is  par¬ 
ticularly  useful  for  investigations  of  intermediate  range  structures  (4-20  A) 
represented  by  the  FSDP  [27-29]  and  to  test  the  relevance  of  different  struc¬ 
tural  assumptions  such  as  the  boroxol  ring  model.  In  the  RMC  simulation 
technique  the  atoms  of  an  initial  configuration  are  moved  so  as  to  minimize 
the  deviation  from  experimental  structural  data,  e.g.  X-ray  and  neutron  dif¬ 
fraction  or  EXAFS  or  combinations  of  them,  using  a  standard  Metropolis 
Monte  Carlo  algorithm  [30].  Note  that  the  RMC  technique  then  uses  an  ap¬ 
proach  completely  different  from  other  common  simulation  techniques  such 
as  molecular  dynamics  (MD)  and  Monte  Carlo  (MC)  which  instead  minimize 
the  potential  energy  using  model  potentials  of  the  interparticle  interaction. 
The  latter  techniques  therefore  require  detailed  knowledge  of  all  relevant  in¬ 
teratomic  potentials  to  be  able  to  reproduce  glass  structures  reasonably  well. 

The  starting  configurations  for  the  RMC  simulations  were  created  using 
hard  sphere  Monte  Carlo  (HSMC)  simulations  with  constraints  applied  to 
avoid  physically  unrealistic  structures,  in  the  sense  that  there  is  no  overlap  of 
atoms  and  that  a  proper  B-0  network  is  formed.  The  constraints  were  of  three 
kinds;  closest  atom-atom  approach,  connectivity  and  fraction  of  six  membered 
rings.  The  closest  distances  that  two  atoms  were  allowed  to  approach  were 
determined  from  experimental  results,  such  as  the  radial  distribution  function. 
The  constraints  on  the  B-0  network  connectivity  were  that  all  the  oxygens 
were  coordinated  to  two  borons  and  that  all  the  borons  were  coordinated  to 
three  oxygens.  The  B-O  distance  was  allowed  to  vary  between  1*32  and  1  -42  A, 
which  is  consistent  with  the  first  peak  in  the  experimental  pair  correlation 
function,  G(r),  deconvoluted  with  the  resolution  function.  The  fraction  of 
boron  atoms  in  boroxol  rings  was  chosen  to  be  either  unconstrained  or  con¬ 
strained  to  30%  and  50%,  respectively.  Unconstrained  simulations  were  per¬ 
formed  for  systems  of  six  different  sizes  containing  100,  200,  400,  800,  2160 
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Fig.  1.  Computed  neutron  weighted  total  structure  factors,  S(Q),  for  different  RMC 
configurations  (full  lines)  in  comparison  with  the  experimental  structure  factor  from  Ref  [22] 
(dashed),  (a)  S(Q)  in  the  range  0-20  A"*  for  configurations  containing  100  and  5000  atoms^ 
respectively,  and  (b)  S(Q)  in  the  range  0-4  for  configurations  containing  100,  200, 400,  800, 
2160  and  5000  atoms,  respectively.  The  upper  curves  have  been  shifted  to  higher  values  for  clarity. 

and  5000  atoms,  respectively.  The  unconstrained  configurations  had  8--10%  of 
their  boron  atoms  in  boroxol  rings,  which  is  the  statistical  number  of  six 
membered  rings  in  a  HSMC  produced  structure  with  no  special  preference  of 
rings.  In  both  the  ring  constrained  simulations,  the  total  number  of  atoms  was 
2160.  Periodic  boundary  conditions  were  used  in  all  the  simulations  and  box 
lengths  were  chosen  to  correspond  to  the  experimentally  measured  density  (1-88 
g/cm^). 

3.  RESULTS  AND  DISCUSSION 
3.1.  Extent  of  Intermediate  Range  Order 

Let  us  begin  with  the  investigation  of  the  extent  of  the  intermediate  range 
order  associated  with  the  FSDP  of  vitreous  B2O3.  The  neutron  weighted  total 
structure  factor,  S(Q)  [31],  and  the  corresponding  pair  correlation  function,  G(r) 
[31],  have  been  computed  for  the  RMC  produced  structures  without  ring  con¬ 
straints  and  compared  with  the  experimental  neutron  diffraction  results  (from 
Ref  [22]),  see  Fig.  1.  Excellent  agreement  with  the  experimental  data  in  the  high 
Q-region  above  5  A“^  (i.e.  within  the  experimental  errors)  is  obtained  for  all  the 
RMC  structure  factors,  (see  Fig.  l.(a)  for  the  smallest  and  largest  system)  indi¬ 
cating  that  the  short  range  order  is  well  reproduced  for  all  configurations. 

In  the  low  Q-region,  however,  there  are  large  deviations  from  the  experi¬ 
mental  data  for  the  small  systems  (see  Fig.  1(b));  the  peak  amplitude  of  the 
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Fig.  2.  Reduced  radial  distribution  function,  r^(G(r)-l),  calculated  from  the  largest  model 
containing  5000  atoms  (dashed)  in  comparison  with  the  corresponding  experimental 
correlation  function  (full  line). 

FSDP  is  too  low  and  the  width  is  too  laige.  The  agreement  with  the  experi¬ 
mental  FSDP  becomes  better  with  increasing  size  of  the  system  and  is  almost 
perfect  for  the  two  largest  systems  with  half  box-lengths  of  14*93  and  19-75  A, 
respectively.  This  shows  that  the  smaller  configurations  with  half  box-lengths 
of  10-72  A  or  shorter  contain  too  few  atoms  to  be  able  to  correctly  reproduce 
the  intermediate  range  structures  of  the  glass  that  produces  the  FSDP  in  the 
data,  i.e.  the  half  box-lengths  of  the  configurations  are  shorter  than  the  long¬ 
est  length-scale  characteristic  of  the  FSDP  of  the  glass.  A  similar  intermediate 
range  length  scale  of  about  10  A  was  also  concluded  from  a  recent  molecular 
dynamics  (MD)  simulation  of  Si02  [12]. 

Next  we  turn  to  the  real  space  correlations.  In  Fig.  2  we  compare  the  re¬ 
duced  radial  distribution  function,  r^(G(r)-l),  of  the  Fourier  transformed  ex¬ 
perimental  S(Q)  data  [22]  with  that  calculated  for  the  largest  RMC  model  of 
5000  atoms.  To  ensure  a  proper  comparison,  the  reduced  radial  distribution 
function  for  the  RMC  configuration  was  obtained  by  Fourier  transformation 
of  the  calculated  structure  factor  using  the  same  cut-off  at  high  Q  as  that  used 
for  the  experimental  determination,  rather  than  a  direct  calculation  from  the 
configuration. 

It  is  evident  from  Fig.  2  that  the  agreement  with  the  experimental  lesiolt  is  excel¬ 
lent  for  all  r-values  out  to  the  edge  of  the  box,  which  again  shows  that  the  size  of  the 
system,  i.e.  half  the  box-length,  does  not  need  to  be  laiger  than  the  longest  structural 
correlation  length  in  the  material.  It  is  worth  noting  that  an  oscillatory  behaviour 
with  a  period  of  about  4  A  is  observed  that  extends  out  to  about  1 5  A,  i.e.  the  period 
is  approximately  27i/Qi,  where  Qi  is  the  position  of  the  FSDP  for  B2O3.  Thus,  the 
FSDP  seems  to  arise  mainly  from  a  damped  periodic  oscillation  in  real  space.  We 
note  that  several  of  the  structural  models  mentioned  earlier  produce  such  a  quasi- 
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Momentum  Transfer  (A'  ’)  Momentum  Transfer  (A'  ’) 


Fig.  3.  Computed  neutron  weighted  (a)  and  X-ray  weighted  (b)  total  interference  functions 
(full  lines)  for  the  RMC  configurations  with  constrained  boroxol  ring  fractions  9%,  30%  and 
50%  in  comparison  with  the  experimental  neutron  interference  function  from  Ref  [23] 
(dashed)  and  the  experimental  X-ray  interference  function  from  Ref  [26]  (dashed), 
respectively.  The  curves  have  been  shifted  vertically,  in  steps  of  4,  for  clarity.  The  inset  shows 
the  root  mean  square  (RMS)  deviations  from  the  experimental  neutron  (•)  and  X-ray  (A) 
structure  factors  for  the  same  RMC  configurations. 

periodic  oscillation  [1-4,7-9,13].  We  have  found  on  close  inspection  of  the  computer 
configurations  that  the  origin  of  the  FSDP  is  a  weak  correlation  between  neigh¬ 
bouring  segments  of  BO3  triangles  separated  by  voids  in  the  structure 

3.2.  A  Test  of  the  Boroxol  Ring  Model 

Let  us  now  turn  to  the  investigation  of  the  fraction  of  boroxol  rings  in  vit¬ 
reous  boron  trioxide.  Figure  3(a)  shows  the  computed  neutron  weighted  total 
interference  functions,  QI(Q),  for  the  RMC  configurations  with  constrained 
boroxol  ring  fractions  9%,  30%  and  50%  in  comparison  with  the  experimental 
interference  function  (from  Ref  [23]).  All  the  interference  functions  are  in  good 
agreement  with  the  experimental  interference  function,  indicating  that  the  neu¬ 
tron  data  are  not  particularly  sensitive  to  the  ring  constraint.  However,  it  is 
obvious  that  the  agreement  improves  for  a  decreasing  fraction  of  boroxol  rings. 
This  is  seen  in  the  inset  of  Fig.  3(b),  which  shows  the  root  mean  square  (RMS) 
deviations  from  the  experimental  structure  factor,  S(Q)  (equivalent  to  I(Q)+1), 
for  the  three  RMC  produced  models.  The  most  serious  difference  is  that  the 
oscillation  becomes  out  of  phase  for  the  highest  Q-values  and  that  a  peak  at 
about  16  in  the  experimental  QI(Q)  is  only  reproduced  as  a  shoulder  in  the 
RMC  simulation. 
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Fig.  4.  (a)  shows  computed  neutron  weighted  atomic  pair  correlation  functions  for  the  RMC 
models  containing  9%,  30%  and  50%  boroxol  rings  (full  lines)  compared  with  the 
experimental  neutron  weighted  atomic  pair  correlation  function  (dashed).  The  curves  have 
been  shifted  vertically,  in  steps  of  5,  for  clarity.  In  (b)  the  dihedral  angle  distributions 
between  interconnected  BO3  triangles  are  shown  for  the  models  containing  9%  (dashed)  and 
50%  (full  line)  boroxol  rings,  respectively. 

Figure  3(b)  shows  the  computed  X-ray  weighted  total  interference  functions, 
QxI(Q),  in  comparison  with  the  experimental  interference  function  (from  Ref 
[26]),  for  the  same  RMC  configurations.  All  the  calculated  interference  func¬ 
tions  show  some  deviations  from  the  experimental  interference  function.  How¬ 
ever,  it  should  be  noted  that  the  experimental  errors  in  the  X-ray  data  are  probably 
relatively  large,  indicated  by  the  significant  differences  between  different  investi¬ 
gations  [26,32,33].  As  for  the  neutron  weighted  S(Q)  the  agreement  improves 
slightly  for  a  decreasing  fraction  of  boroxol  rings  (see  inset  of  Fig.  3(b)).  How¬ 
ever,  the  significance  of  this  decrease  is  considerably  less  than  for  the  neutron 
case,  because  of  the  limited  accuracy  of  the  experimental  X-ray  data. 

Next  we  turn  to  the  implications  of  boroxol  models  for  the  real  space  corre¬ 
lations.  In  Fig.  4(a)  we  compare  the  neutron  weighted  atomic  pair  correlation 
function,  G(r),  of  the  Fourier  transformed  experimental  S(Q)  data  [23]  with 
those  calculated  for  the  RMC  models  containing  9%,  30%  and  50%  boroxol 
rings.  It  is  evident  from  the  models  containing  boroxol  rings  that  a  large  frac¬ 
tion  of  boroxol  rings  gives  a  slight  shift  of  both  the  first  and  second  peak.  The 
first  peak  shifts  to  a  higher  r-value  while  the  second  shifts  to  a  lower  r-value. 
This  indicates  that  the  average  B-O-B  and/or  O-B-O  bond  angles  are  too  low. 
It  is  also  interesting  to  note  that  the  relatively  sharp  peak  at  about  3*6  A  is 
perfectly  reproduced  in  the  model  containing  9%  boroxol  rings,  while  it  is  slightly 
too  low  in  the  model  containing  50%  boroxol  rings.  In  Ref  [23]  it  was  pro¬ 
posed  that  this  peak  is  due  to  the  second  B-0  distance  between  an  oxygen 
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outside  a  boroxol  ring  and  a  boron  within  the  boroxol  ring.  It  was  assumed 
that  the  well  defined  planar  boroxol  ring  was  the  reason  for  the  sharpness  of 
the  peak.  Thus,  the  present  results  show  that  no  boroxol  rings  are  required  to 
reproduce  the  peak. 

The  reason  why  a  wrong  bond  angle  distribution  is  produced  in  the  boroxol 
rich  model  is  evident  in  Fig.  4(b),  where  the  dihedral  angle  distributions  be¬ 
tween  interconnected  BO3  triangles  are  shown  for  the  models  containing  9% 
and  50%  boroxol  rings,  respectively.  The  figure  shows  that  the  dihedral  angle 
distribution  for  the  model  containing  9%  boroxol  rings  is  almost  flat,  i.e.  the 
distribution  is  effectively  random.  This  is,  however,  not  the  case  for  the  boroxol 
rich  model,  which  shows  two  clearly  pronounced  peaks  at  about  53°  and  72°, 
respectively.  This  is  surprising  since  for  a  high  fraction  of  planar  boroxol  rings 
a  significant  peak  at  0°is  expected.  It  was  found  that  the  origin  of  the  peak  at 
53°  is  due  to  ‘bent’  boroxol  groups,  i.e.  the  three  oxygens  connecting  a  boroxol 
ring  to  the  rest  of  the  network  are  considerably  out  of  the  plane  of  the  ring.  In 
addition,  the  inner  rings  of  bonds  of  the  boroxol  groups  are  often  signifi¬ 
cantly  distorted.  The  peak  at  72°  cannot  be  due  to  two  interconnected  BO  3 
triangles  within  the  same  boroxol  group,  since  the  closest  allowed  B-B  and  O- 
O  distances  would  not  allow  such  a  heavily  ‘bent’  boroxol  group. 

The  question  is  why  the  ‘strange’  dihedral  angle  distribution  shown  in  Fig. 
4(b)  is  produced  in  the  model  containing  50%  boroxol  rings?  There  is  no  obvi¬ 
ous  reason  for  it,  because  the  calculated  nearest  interatomic  distances  would 
agree  better  with  the  experimental  values  if  the  average  O-B-O  bond  angle 
was  120°  and  if  boroxol  rings  were  perfectly  planar.  Thus,  the  features  in  the 
dihedral  angle  distribution  and  the  shifted  peaks  in  G(r)  are  all  due  to  ‘com¬ 
pensation  effects’.  The  reason  for  these  ‘compensation  effects’  is  the  constraints 
that  the  RMC  configurations  have  to  reproduce  the  short  range  order  includ¬ 
ing  the  connectivity,  the  intermediate  range  order  (the  low-Q  part  of  the  struc¬ 
ture  factor),  and  simultaneosly  have  the  experimentally  measured  density  of 
B2O3.  Thus,  it  is  the  combination  of  correct  density,  connectivity  and/or  the 
intermediate  range  order  that  cannot  be  reproduced  in  the  boroxol  rich  model. 
The  structural  models  in  Refs.  [22,23]  do  not  include  the  constraints  of  correct 
density  and  reproduced  intermediate  range  order  and  can  therefore  reproduce 
the  short  range  order  with  a  high  fraction  of  boroxol  rings. 

4.  SUMMARY 

The  present  results  show  that  for  a  typical  network  glass,  such  as  B2O3,  the 
FSDP  gives  rise  to  a  damped  quasi-periodic  structural  correlation  with  a  char¬ 
acteristic  length  of  about  27r/Qi  extending  out  to  about  15  A.  The  quasi-perio¬ 
dicity  arises  from  a  weak  ordering  between  locally  aligned  segments  of  BO3 
triangles  separated  by  voids  in  the  structure.  Thus,  for  this  type  of  oxide  glass 
there  is  no  need  to  involve  any  extended  range  ordering  out  to  35-50  A  as  was 
done  for  a-Si  [3]. 

It  has  also  been  shown  that  RMC  produced  boroxol  rich  models  exhibit 
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certain  features  that  are  not  compatible  with  the  experimental  data.  In  par¬ 
ticular  the  average  bond  angle  is  shifted  to  a  lower  value  due  to  shifts  of  the 
first  and  second  peak  in  G(r)  to  higher  and  lower  r-values  respective.  These 
shifted  peaks  in  G(r)  and  the  wrong  bond  angle  distribution  are  produced  in 
the  RMC  simulation  to  'compensate’  other  more  serious  errors  in  the  boroxol 
ring  model.  In  order  for  the  boroxol  ring  rich  models  to  satisfy  the  experimen¬ 
tal  density  and  the  structure  factor  the  B3O6  groups  have  to  distort  seriously 
giving  a  dihedral  angle  distribution  between  BO3  triangles  in  the  group  which 
is  incompatible  with  the  definition  of  planar  boroxol  rings.  To  conclude,  the 
results  indicate  that  the  structure  of  vitreous  boron  trioxide  contains  less  than 
30%  of  boron  atoms  in  boroxol  rings. 
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The  structures  of  Pb0'-xB203  glasses  have  been  studied  using  molecular 
dynamics  (MD)  simulations.  A  three  body  potential,  which  controls  O-B-O 
and  B-O-B  bond  angles,  estimated  by  ah  initio  molecular  orbital  calcula¬ 
tions  was  introduced  into  the  MD  simulations.  Six-membered  rings,  such  as 
boroxol,  tri-borate,  di-pentaborate  and  di-triborate,  whose  existence  has  been 
demonstrated  by  spectroscopic  studies,  were  successfully  reproduced  in  the 
structural  models  obtained  from  the  present  MD  simulations.  On  the  basis 
of  calculation  results  and  calculation  parameters,  it  was  supposed  that  the 
nonlinear  dependences  of  properties  on  composition  are  caused  by  changes 
of  bonding  character  and  network  dimension. 


1.  INTRODUCTION 

In  recent  years,  molecular  dynamics  (MD)  simulation  has  been  used  to  investi¬ 
gate  the  structure  and  properties  of  many  glasses  [1,2].  In  spite  of  many  efforts, 
characteristic  structural  units  of  borate  glasses  (e.g.  the  boroxol  ring)  were  not 
reproduced  by  MD  simulations  with  pair  wise  type  potentials  [3],  due  to  inad¬ 
equate  bond  angles,  especialfy  B-O-B  angles.  Six  membered  rings  which  charac¬ 
teristically  exist  in  borate  glasses  have  a  high  local  structure  order  compared  with 
a  random  network  structure  like  silicate  glasses.  Therefore  the  method  of  arrang¬ 
ing  atoms  at  random  in  space,  which  is  used  for  pair  wise  type  potentials,  is  not 
suitable  for  borate  glasses.  It  is  thus  interesting  whether  MD  simulation  vdiich 
includes  some  control  of  bond  angles  can  reproduce  six  membered  rings  or  not. 

The  properties  of  borate  glasses  change  nonlinearly  with  change  in  composi¬ 
tion.  It  was  originally  believed  that  this  phenomenon  is  caused  by  the  change  of 
oxygen  coordination  number  of  boron  from  three  to  four.  However,  Bray’s  NMR 
data  subsequently  revealed  that  this  coordination  change  does  not  provide  a  direct 
explanation  [4].  In  this  study,  we  have  tried  to  reconstruct  six  membered  rings  and 
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investigate  the  structures  of  Pb0-xB203  glasses  (x=4,2, 1,1/2)  with  improved  MD 
simulations,  which  can  control  bond  angles,  and  have  considered  the  non-linear 
change  of  properties  (e.g.  thermal  expansion  coefficient)  with  composition. 


2.  CALCULATION 

The  structural  models  were  calculated  by  MD  simulation  including  network 
bond  angle  (B-O-B,  O-B-O)  control  forces  which  were  evaluated  by  ah  initio 
molecular  orbital  (MO)  calculation.  Total  forces  used  in  this  MD  simulation 
are  the  summation  of  an  interatomic  interaction  and  a  bond  angle  one.  The 
former  is  a  Born-Mayer  type  force  described  in  Eq.  (1), 


z,z, 


(1) 


where  e^/47C8o  is  a  constant  term  (230-717x10  Jm),  ^  is  an  interatomic  distance, 
Z  is  an  ionic  charge,  B  is  a  repulsive  constant,  and  p  is  an  empirical  constant. 


2.1,  The  Introduction  of  Bonding  Angle  Control 

The  bond  angle  interactions  introduced  in  this  simulation  were  determined 
as  follows: 

(1) .  The  decision  of  force  direction. 

(2) .  The  estimation  of  energy  changes  when  the  bond  angle  is  away  from  the 
ideal  angle. 

(3) .  The  removal  of  the  contribution  due  to  the  repulsive  interaction  between 
like  atoms. 

(4) .  Fitting  the  force  function  to  the  bond  angle  interaction  described  in  Eq.(2). 

Fijk—^{^ijk~^idealt  (2) 

where  k  and  X  are  constant  terms  given  for  each  species  of  bond  angle. 


2.1.1.  Direction  of  bond  angle  force  -  When  the  bond  angle  is  away  from  the 
ideal  angle  in  borate  glasses,  it  may  be  corrected  by  rotating  around  the  center 
atom  as  shown  in  Fig.  1(a). 

However,  in  this  MD  simulation  the  three-body  force  works  in  the  direction 
of  the  summation  of  vectors  of  two  B-0  atom  pairs,  shown  in  Fig.  1(b),  in 
order  to  ignore  the  repulsive  interatomic  interaction  between  two  atoms  around 
a  center  atom.  The  force  to  correct  a  bond  angle  is  designed  not  to  cause  rota¬ 
tions  or  the  movement  of  the  center  of  gravity  of  the  three  atoms. 


(a)  ^  (b) 

ideal  angle  ideal  angle 

Fig.  1.  Direction  of  bonding  angle  force,  (a)  in  nature  (b)  in  this  MD  calculation. 
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2.1.2.  The  estimation  of  energy  changes  by  MO  calculations  -  Energy  gaps  between 
arbitrary  angles  and  ideal  bond  angles  were  estimated  by  MO  methods.  The  clusters 
used  in  MO  calculations  were  built  up  with  the  atomic  arrangement  of  boric  acid 
crystal  [5]  (H3BO3  cluster  and  H4B2O5  cluster)  and  were  optimized  with  a  LCAO- 
SCF  calculation  (Gaussian  82)  by  using  a  3-21 G  basis  function  [6].  Ideal  angles 
for  B-O-B,  O-B^-O  (oxygen,  three  oxygen  coordinated  boron  and  oxygen)  and 
O-B'^-O  (oxygen,  four  oxygen  coordinated  boron  and  oxygen)  were  131°,  120° 
and  10946°,  respectively.  Energy  gaps  for  smaller  angles  increased  more  steeply 
than  those  of  larger  angles  because  of  repulsive  interatomic  interactions. 

2.1.3.  The  removal  of  the  repulsive  interatomic  interaction  -  The  repulsive  energy 
of  neighboring  like  atoms  (in  the  case  of  B-O-B,  B-B  repulsive  energy)  was 
subtracted  from  the  energy  gaps  obtained  by  the  MO  calculations.  Fig.  2  shows 
the  three  body  potentials  for  B-O-B  and  O-B^-O  angles.  In  the  case  of  the 
B-O-B  angle,  the  ideal  angle  for  the  three  body  potential  shifts  to  120°  from 
131°  in  total  energy. 

2.1.4.  Fitting  the  force  function  to  the  bond  angle  interaction  -  The  Constant 
terms  k  and  A.  of  Eq.  2  were  determined  to  be  divided  between  the  interatomic 
distance  changes  and  bonding  angle  changes.  In  the  case  of  the  B-O-B  angle,  k 
was  1 5  X 1 0“^®  J  m“^  and  in  the  case  of  the  O-B-0  angle,  k  was  1 1  x  1 0“^®  J m“^ .  In 
both  cases  ^  was  0’5.  Fig.  3  shows  the  total  potential  of  B-O-B,  including  the 
stable  potential  minimum  (hatched  area),  which  is  located  in  the  direction  of 
ideal  B-O-B  bond  angle. 

2.2.  Conditions  of  Simulation 

MD  calculations  were  performed  with  6000  steps  at  each  temperature  6000  K, 
3000  K  and  300  K,  and  the  time  step  was  3  x  1 0"^^  a  Cell  sizes,  whose  shape  was  cubic, 
were  determined  by  the  measured  densities.  Unit  cells  were  piled  up  three-dimen- 
sionally  and  atoms  in  the  central  cell  were  affected  by  several  ten  thousand  atoms. 


Fig.  2.  Potentials  estimated  by  calculation  Fig.  3.  Total  potential  distribution 

of  B~0~B  and  O-B-0  angles.  including  the  B-O-B  angle  potential. 
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3.  DIFFRACTION  DATA 

Mixtures  of  reagent  grade  H3BO3  and  PbO  were  melted  at  800°C  for  15  min 
in  an  Au-Pd  crucible  and  poured  onto  a  steel  plate.  Polished  block  samples 
were  used  for  X-ray  diffraction  measurements  whilst  crushed  samples  were 
used  for  neutron  diffraction  measurements.  99-64%  "B  enriched  H3BO3  was 
used  to  produce  the  samples  for  the  neutron  measurements,  because  the  ther¬ 
mal  neutron  capture  cross-section  of  ^^B  is  very  large.  The  measured  densities 
of  Pb0-xB203  glasses  (x=4, 2, 1  and  1/2)  were  3-23, 4-42,  5-71  and  6-83  gcm~\ 
respectively.  The  X-ray  diffraction  patterns  were  measured  with  Mo  Ka  radia¬ 
tion  monochromatized  with  balanced  filters  (Zr-Y)  and  a  graphite 
monochromater  in  the  diffracted  beam  using  a  Rigaku  Denki  RU-200 
diffractometer.  Neutron  diffraction  measurements  were  carried  out  using  the 
time  of  flight  (TOP)  technique  with  pulsed  neutrons  at  the  HIT  facility  at  the 
National  Institute  of  High-Energy  Physics,  Tsukuba.  values  for  X-ray 
and  neutron  were  16-8  and  30  A~\  respectively.  After  standard  normalization 
and  correction  procedures,  the  radial  distribution  functions  (RDFs)  were  cal¬ 
culated  by  Fourier  transformation. 

4.  RESULTS 

Parameters  used  in  the  MD  simulations  were  determined  by  trial  and  error 
to  satisfy  the  information  obtained  from  the  X-ray  and  neutron  RDFs,  as  dis¬ 
cussed  below,  of  Pb0-xB203  glasses  (x=4,  2,  1  and  1/2),  shown  in  Fig.  4  [7]. 

In  the  observed  RDFs,  the  first  peak  at  about  1-3  A  is  attributed  to  nearest 
neighbor  B-O  pairs,  and  the  second  large  peak  at  around  2-4  A  consists  of  the 
nearest  Pb-0  and  0-0  pairs.  These  results  revealed  that  the  B-O-B  angles  are 
around  135°  on  average.  Appropriateness  of  the  structure  models  was  judged 
by  whether  the  interatomic  distance,  bonding  angles  and  coordination  num- 


(eP/A^)  (bamsVA^) 


Radius  (A)  Radius  (A) 

Fig.  4.  X-ray  and  neutron  RDFs  of  PbO-xB203  glasses  (x=4,  2,  1,  1/2). 
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bers  were  adequate  and  six  membered  rings  were  reconstructed  in  the  struc¬ 
tural  models,  or  not.  Mainly  interatomic  distances  were  controlled  by  By  and 
intermediate  range  order  was  arranged  by  Zj.  Calculation  parameters  were 
shown  in  Table  1 . 

The  effect  of  changing  these  parameters  was  severe,  and  a  very  slight  change 
gave  non-coordination  oxygen,  three  coordination  one  and/or  four  membered 
rings.  The  structural  models  obtained  by  the  MD  simulation  are  shown  in  Fig. 
5(a)-(d).  In  the  cases  of  x=4, 2  and  1,  six  membered  rings,  boroxol  and  triborate 
(x=4),  di-pentaborate  and  di-triborate  (x=2)  and  di-triborate  (x=l),  were  re¬ 
produced.  In  the  case  of  x=l/2,  six  membered  rings  did  not  exist.  Structural 
parameters  obtained  from  the  models  are  listed  in  Table  2. 

Each  bond  angle  for  each  glass  was  distributed  around  the  ideal  angle.  For 
instance,  the  bond  angle  distributions  of  Pb0-4B203  glass  are  shown  in  Fig.  6. 
The  average  angle  for  B-O-B  was  135-57°,  which  is  a  little  bigger  than  the 
ideal  bond  angle  obtained  by  MO  method  (131°).  The  average  angle  for  0-B^- 
O  was  118-46°  and  that  of  O-B'^-O  was  109-43°,  which  shows  good  agreement 
with  the  ideal  angles  which  are  120-0°  and  109-46°,  respectively.  The  accumu¬ 
lated  coordination  numbers  for  oxygen  around  boron  were  3-27,  3-50,  3-53  and 
3-39,  respectively.  These  numbers  agree  with  the  values  obtained  by  Bray  with 
NMR  [4].  The  fraction  of  the  boron  atoms  which  are  in  six  membered  rings  in 
the  structural  models  (x=4,  2,  1,  1/2)  are  22-5,  42-5,  18-8  and  0%,  respectively. 


Table  1 

Conditions  and  Parameters  used  in  the  MD  Calculations. 


Conditions 

Cell  Size 

A 

Density 

g/cm^ 

Atom  number 
Pb  B 

O 

Pb0-4B203 

10-885 

3-23 

5 

40 

65 

Pb0-2B203 

11-084 

4-42 

10 

40 

70 

Pb0-1B203 

11-087 

5-71 

16 

32 

64 

Pb0-1/2B203 

11-133 

6-83 

22 

22 

55 

Parameters 

Charge 

Pb 

B 

0 

Zi 

Bii 

P 

Bii 

P 

Bii 

P 

Pb0-4B203 

Pb 

+2-0 

1635-64 

0-29 

4-96 

0-29 

14-12 

0-25 

B 

+2-42 

2-50 

0-29 

4-08 

0-20 

O 

-1-643 

13-08 

0-25 

Pb0-2B203 

Pb 

+2-0 

785-87 

0-29 

22-95 

0-29 

16-85 

0-25 

B 

+2-45 

8-79 

0-29 

4-38 

0-20 

O 

-1-686 

10-52 

0-25 

Pb0-1B203 

Pb 

+2-0 

439-99 

0-29 

24-36 

0-29 

13-33 

0-25 

B 

+2-60 

9-90 

0-29 

4-97 

0-20 

O 

-1-800 

12-00 

0-25 

PbO-l/2B203 

Pb 

+2-0 

439-99 

0-29 

24-82 

0-29 

18-23 

0-25 

B 

+2-65 

10-28 

0-29 

5-13 

0-20 

O 

-1-824 

12-32 

0-25 

B:Bxl0'' J;p:in  A. 
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Pb0^B203  Pb0-2B203  Pb0-1B203  Pb0-1/2B203 

Bond  angle _ Average  (Std  Deviation)  degree _ 


B-O-B  135-57(12-08)  130-15(10*78)  131-50(7-95)  129'53(8*81) 

O-B'-O  118-46(7-37)  118-04(9-22)  117-76(6-83)  118-01(6'82) 

O-B^-0 _ 109-43(6-90)  109-25(8-87)  109-20(7-42)  109-38(6-25) 


Coordination 

Number 

Boron 

3-27 

3-50 

3-53 

3-39 

Oxygen 

2-0 

2-0 

1-70 

1-47 

Six  membered 
rings 

boroxol 

triborate 

di-pentaborate 

di-triborate 

di-triborate 

None 

Ring  rate*  (%) 

22-5 

42-5 

18-8 

0-0 

*  The  fraction  of  the  boron  atoms  which  are  in  six  membered  rings. 
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Fig.  6.  Bond  angle  distribution  for  Pb0^B203  glass 
(a)B-O-B  angle  (b)  O-B -O  angle  (c)  O-B'^-O  angle. 


5.  DISCUSSION 

The  B-O-B  and  O-B-O  bond  angles,  for  the  network  structure  of  PbO- 
XB2O3  glasses,  were  distributed  around  the  ideal  angles  in  these  MD  simulations. 
Six  membered  rings  were  reproduced  in  the  structural  models.  Not  all  boron 
atoms  form  six  membered  rings  (x=4, 2, 1),  which  is  different  from  Pb0-xB203 
crystals.  It  is  supposed  that  the  difference  was  caused  by  the  rapid  quenching 
rate  in  the  MD  calculations  and  by  insufficient  calculation  time  to  give  a  more 
accurate  structure  filled  with  six  membered  rings.  Konijnendijk  et  al  [8]  have 
assigned  the  peaks  of  the  Raman  spectra  of  alkali  and  alkaline-earth  borate 
glasses  to  structural  units.  They  explained  that  adding  metal  oxide  causes  four 
coordinated  boron  to  occur  in  six  membered  rings,  adding  more  metal  oxide 
causes  two  borons  in  a  ring  to  be  four  coordinated  and  still  more  metal  oxide 
causes  six  membered  rings  not  to  occur.  Our  structural  models  show  the  same 
tendency  from  boroxol  (x=4)  to  tri-borate  (x=4),  di-pentaborate  (x=2),  di¬ 
triborate  (x=2,l),  and  no  six  membered  rings  (x=l/2).  The  thermal  expansion 
coefficient  of  Pb0-xB203  glasses  decreases  as  PbO  content  goes  from  0%  to 
25  or  30%  and  then  increases  as  PbO  content  goes  from  30%  to  80%. 

Atomic  electrical  charges  for  the  simulations  in  Table  1  and  structural  in¬ 
formation  in  Table  2  supported  this  nonlinear  property  change.  An  ionic 
charge  of  bonding  should  change  linearly  (when  PbO  content  increases,  an 
ionic  charge  must  increase  linearly).  However,  in  our  calculation,  the  proper 
model  for  each  composition  was  given  only  by  a  non-linear  change  in  the 
ionic  charge  of  the  boron  atoms.  When  x  is  4  or  2,  the  boron  charge  has  a 
small  value  (2-42  or  2*45)  and  when  x  values  is  1  or  1/2  it  has  large  values 
(2*60  and  2*65).  This  suggests  that  the  covalence  of  the  B-O  bond  is  high 
when  X  is  over  2  but  is  low  when  x  is  under  1 .  Since  Pb0-2B203  glass  has 
more  4  coordinated  boron  compared  to  Pb0-4B203  glass  and  has  high 
covalency,  it  is  hard  to  activate  thermally  because  of  the  higher  network  di¬ 
mension.  On  the  other  hand,  since  PbO-l/2B203  glass  has  less  4  coordinated 
boron  compared  to  Pb0-1B203  glass  and  resembles  an  ionic  state,  it  is  easy 
to  activate  thermally. 
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6.  CONCLUSION 

The  structures  of  Pb0-xB203  glasses  have  been  studied  by  using  molecular 
dynamics  (MD)  simulations.  A  three  body  potential,  which  controls  O-B-0  and 
B-O-B  bond  angles,  estimated  by  the  ab  initio  molecular  orbital  method  was 
introduced  into  the  MD  simulation.  Six-membered  rings,  boroxol,  tri-borate,  di- 
pentaborate  and  di-triborate,  whose  existence  has  been  demonstrated  by  spec¬ 
troscopic  studies  were  successfully  reproduced  in  the  structural  models  obtained 
from  the  present  MD  simulation.  On  the  basis  of  the  calculation  results  and 
parameters,  it  is  indicated  that  the  nonlinear  changes  of  properties  with  compo¬ 
sition  are  caused  by  changes  in  bonding  character  and  network  dimension. 
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The  structure  of  pure  B2O3  glass  was  simulated  by  molecular  dynamics  us¬ 
ing  a  coordination  dependent  potential.  Pair  correlation  functions  and  bond 
angle  distributions  were  well  matched  to  experimental  results.  Boroxol  rings 
were  found  to  be  present  and  have  a  planar  structure. 


1.  INTRODUCTION 

ICnowledge  about  the  atomic  structure  of  a  given  substance  is  a  prerequisite 
to  understanding  its  physical  or  chemical  properties.  Whilst  the  determination 
of  the  structure  of  a  crystalline  solid  is  relatively  easy  because  of  its  periodic¬ 
ity,  in  glasses  there  is  no  straightforward  way  to  determine  the  structure,  be¬ 
cause  of  the  lack  of  translational  periodicity.  Another  approach  to  analyzing 
glass  structures,  from  an  atomistic  viewpoint,  uses  molecular  dynamic  (MD) 
computer  simulation.  In  MD  computer  simulations,  which  have  become  one 
of  the  more  powerful  tools  with  which  to  investigate  materials  having  a  ran¬ 
dom  structure,  such  as  liquids  and  glasses,  information  about  individual  ion 
configurations  may  be  analyzed  and  various  properties  of  the  materials  may 
be  predicted.  The  principal  limitation  of  the  technique  is  the  need  for  a  viable 
interatomic  potential  model.  The  technique  has  seen  a  widespread  successful 
application  to  silica  based  glasses  [1-3].  This  paper  describes  the  development 
of  a  suitable  model  for  vitreous  B2O3. 

2.  BORON  OXIDE  GLASS 

2.1.  Vitreous  Boron  Oxide  Structure 

The  structure  of  borate  glasses  has  been  studied  using  various  methods  such 
as  NMR  [4],  Raman  spectroscopy  [5],  x-ray  diffraction  [6]  and  neutron  diffrac¬ 
tion  [7,8].  Zachariasen  [9]  proposed  a  simple  random  network  model  for  vitre¬ 
ous  boron  oxide  glass,  consisting  of  planar  BO  3  triangles,  as  found  in  crystalline 
B2O3,  with  the  boron  being  in  three-fold  coordination.  However,  the  interme¬ 
diate  range  structure,  that  is,  how  the  BO3  units  are  connected  together,  re¬ 
mains  controversial. 

According  to  Krogh-Moe  [10],  the  glass  network  is  made  up  of  a  randomly 
connected  arrangement  of  BO3  triangles  with  a  comparatively  high  fraction 
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of  six  membered  boroxol  rings.  Many  experimental  results  are  apparently  in 
agreement  with  Krogh-Moe’s  model,  especially  the  extremely  intense,  narrow 
and  highly  polarized  peak  at  808  cm“^  in  the  Raman  spectrum,  wdiich  is  as¬ 
signed  to  a  symmetric  breathing  motion  mainly  involving  the  three  oxygens  of 
the  highly  planar  boroxol  ring  [10].  When  Mozzi  &  Warren  [6]  compared  their 
real  space  correlation  function  with  a  model  made  up  of  boroxol  rings  with 
external  B-O-B  angles  of  130°,  they  found  that  the  model  was  well  matched 
up  to  6  A.  Interpretation  of  neutron  diffraction  experiments  by  Johnson  et  al. 
[7]  and  Hannon  et  al.  [8]  led  to  conclusion  that  vitreous  B2O3  should  consist 
largely  of  boroxol  rings,  with  a  fraction  of  0-6-0-8  of  the  boron  atoms  in  boroxol 
rings,  in  order  to  explain  fully  the  vitreous  structure. 

However,  Elliott  [13]  has  claimed  that  the  continuous  random  network  model 
without  boroxol  rings  can  explain  most,  if  not  all,  of  the  experimental  results 
and  that  it  is  not  necessary  to  invoke  the  presence  of  boroxol  rings. 

2.2.  MD  Simulations  of  Borate  Glass  Systems 

Recently,  there  have  been  several  studies  using  MD  calculations  of  systems 
containing  B2O3  [16-26].  In  contrast  to  the  success  of  MD  simulations  in  sili¬ 
cate  systems,  most  MD  simulations  of  borate  systems  show  some  discrepan¬ 
cies  with  experimental  data.  Pair  potential  models  can  reproduce  the  RDFs 
derived  from  x-ray  and  neutron  scattering  data  at  short  distance.  However, 
there  still  remain  discrepancies  in  the  intermediate  region  structure,  including 
B-O-B  angles  which  are  often  far  from  the  average  of  the  estimated  values  of 
around  130°.  Pair  potential  models  always  generate  continuous  random  net¬ 
works  without  any  boroxol  rings,  even  when  a  three  body  potential  was  in¬ 
cluded  for  some  simulations.  In  their  MD  simulation  studies,  Verhoef  &  den 
Hartog  [23,24]  argued  that  an  assumption  of  a  large  fraction  of  boroxol  rings 
in  the  glass  network  is  not  necessary  to  explain  the  experimental  properties. 

Since  the  vitreous  state  is  an  extension  state  of  the  crystalline  phase,  the 
potential  model  should  be  transferable  to  some  degree.  However,  when  Takada 
et  al.  [25]  used  Verhoef  &  den  Hartog  potential  parameters,  they  failed  to  re¬ 
produce  the  B2O3  crystal  structure.  Therefore,  Verhoef’s  potential  parameters 
may  not  be  adequate  to  reproduce  the  true  vitreous  B2O3  structure. 

These  discrepancies  may  come  from  inadequate  potential  parameters  and 
hence  force  calculation  between  atoms.  The  development  of  adequate  theo¬ 
retical  models  for  borates  is  much  more  difficult  than  for  silicates  due  to  the 
complexity  of  boron-oxygen  bonding,  which  is  not  only  partially  covalent, 
but  also  exhibits  a  change  in  boron  coordination  depending  on  its  environ¬ 
ment  [25].  Therefore  it  is  necessary  to  improve  the  interatomic  potential  model 
in  order  to  get  more  reliable  simulation  results.  Recently,  Takada  et  al.  [25] 
developed  a  new  interatomic  potential  model  for  the  two  crystalline  phases  of 
boron  oxide,  which  depends  on  the  coordination  number  of  oxygen  atoms  and 
applied  it  to  vitreous  B2O3  using  a  molecular  dynamics  simulation  [26].  They 
suggested  that  the  use  of  partial  charges,  and  the  inclusion  of  a  B-O-B  bond 
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bending,  three  body  term,  are  necessary  to  reproduce  the  boroxol  rings  in  B2O3 
glass.  This  scheme  has  been  implemented  in  a  conventional  MD  simulation  . 

2.3.  New  Improved  Interatomic  Potential  Model 

As  indicated  above,  Takada  et  al.  [27,28]  reported  two  improved  interatomic 
potential  models.  These  were  obtained  by  fitting  to  ab  initio  quantum  me¬ 
chanical  data.  One  is  a  transferable  potential,  which  reproduces  both  the  crys¬ 
talline  B2O3-I  and  B2O3-II  structures.  B2O3-I  has  three-fold  boron  whereas 
B2O3-II  has  four  fold  boron.  A  Buckingham  potential  is  used  for  0-0  and  B- 
B  short  range  interactions; 


/ 

V{re)  =  AQ\i^ 

V 


C 


and  a  Morse  potential  is  used  for  the  B-0  interaction; 


(1) 


V{ry )  =  A  {1  -  exp[-^  S  -  ro )]}'  (2) 

In  order  to  include  more  covalent  effects,  a  three-body  term,  as  a  simple 
harmonic  bond-bending  form,  is  added; 

V{0)  =  ^K,{6-e„f  (3) 

The  second  model  is  a  coordination  dependent  potential  model.  Experi¬ 
mental  data  show  that  bond  lengths  are  strongly  dependent  on  the  coordina¬ 
tion  number,  so  the  potential  may  be  explicitly  formulated  to  depend  on  it. 
Although  coordination  dependent  potential  models  have  been  used  before  [28], 
standard  MD  codes  do  not  incorporate  them.  The  conventional  MD  code  does 
not  allow  a  continuous  variation  of  potential  with  respect  to  coordination 
number  change  because  atom  labels  are  not  usually  allowed  to  change  during 
the  course  of  a  simulation.  For  example,  there  is  no  way  to  differentiate  be¬ 
tween  a  three-fold  oxygen  and  a  two-fold  oxygen  because  the  code  just  picks 
up  the  species  name  within  cutoff  distance  to  calculate  the  force.  Tersoff  [28] 
discussed  a  new  empirical  approach  for  the  structure  and  energy  of  covalent 
systems  in  which  environmental  dependent  bond  order  is  explicitly  implemented 
into  the  interatomic  potential  model.  Some  basic  steps  to  derive  these  coordi¬ 
nation  dependent  potential  parameters  can  be  found  in  the  papers  of  Takada 
et  al.  [25,  26]  and  Tersoff  [28]. 


3.  EXPERIMENTAL  PROCEDURES 
3.1.  Potential  Parameters 

Potential  models  were  implemented  based  on  those  of  Takada  et  al.  [25,26]. 
The  MD  program  used  is  FUNGUS  [29].  The  original  source  code,  and  espe¬ 
cially  the  force  calculation  subroutine,  had  to  be  heavily  modified  to  imple- 
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Table  1 

Pbtential  Parameters  Based  On  Takada’s  [25] 


Parameter 

Value 

Charge 

q(B) 

+  1*2 

q(0) 

Morse  potential  for  B-O 

-0-8 

for  two  fold  Oxygen  atom  :02 
D[eV] 

1-84 

p[i/A] 

2-7 

ro[A] 

for  three  fold  Oxygen  atom:  03 

1-35 

D[e'V] 

P[l/A] 

0*98 

2-7 

To  [A] 

T475 

Buckingham  ootential  for  0-0 
A[eV]  for  02-02 

1990*8 

A[eV]  for  02-03 

1650*9 

A[eV]  for  03-03 

692*3 

p[A] 

0*30 

C[eV  A‘] 

Buckineham  potential  for  B-B 

0*0 

A[eV] 

323*1 

p[A] 

0*30 

C[eV  A‘] 

0*0 

Three  bodv  term  for  O-B-O  (Q^= 
for  three  fold  Boron  atom 

T20°  for  three  fold) 

kleV/rad^j 

for  three  fold  Boron  atom 

0*0 

k[eV/rad2] 

1*66 

Three  bodv  term  for  B-O-B 
for  two  fold  Oxygen  atom 

120°) 

k[eV/rad^] 

for  three  fold  Oxygen  atom 

6*38 

k[eV/rad^] 

R=l-8  Ad=0-2  A 

4*22 

merit  the  coordination  dependent  potential  model. 

The  distances  between  atoms  are  evaluated  at  every  time  step  and  the  coor¬ 
dination  state  for  each  atom  within  a  cutoff  distance  is  calculated.  Then  the 
appropriate  label  for  each  atom  is  assigned,  e.g.  three  fold,  two  fold  or  interme¬ 
diate  coordination,  and  the  proper  interatomic  potential  is  chosen  according 
to  the  new  label.  The  long  range  Coulombic  interaction  is  calculated  using  the 
usual  Ewald  method,  and  the  potential  parameters  are  given  in  Table  1.  A 
larger  transition  range,  0-4  A,  was  used  than  Takada’s  0-2  A. 

3.2.  Simulation  Procedure  for  B2O3  Glass 

The  MD  simulations  were  run  on  Silicon  Graphics  workstations.  A  total  of 
405  (162  B,  243  O)  atoms  was  used  in  the  simulation.  The  starting  structure 
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was  based  on  B2O3-I,  which  consists  of  BO3  triangles  only  without  boroxol 
rings.  Though  the  initial  coordinates  are  randomly  given,  the  final  structure  is 
similar.  The  simulation  box  size  was  adjusted  to  give  the  experimental  density 
(1  -83  g/cm^),  under  constant  volume  conditions.  At  high  temperatures,  the  box 
size  was  enlarged  to  account  for  thermal  expansion  of  the  material.  Initially, 
the  atoms  were  heated  and  equilibrated  to  a  target  temperature  of  5000  K  for 
10,000  time  steps  (each  timestep^l  fs).  This  process  destroyed  the  crystallinity 
of  the  starting  structure  and  gave  a  random,  disordered  structure.  After  melt¬ 
ing,  the  system  was  cooled  to  room  temperature  through  several  steps:  3000  K, 
1500  K,  600  K  and  finally  300  K  with  10,000  timesteps  at  each  temperature. 
The  positions  of  the  atoms,  averaged  over  the  last  1000  timesteps,  were  used  to 
obtain  the  radial  distribution  function,  bond  angle  distribution,  and  coordi¬ 
nation  number.  Graphical  visualization  was  achieved  using  commercial  soft¬ 
ware:  Cerius^  and  Insightll  from  Molecular  Simulation  Incorporated. 

4.  RESULTS  AND  DISCUSSIONS 
4.1.  Typical  Structure  of  Simulated  Pure  B2O3  Glass 

The  typical  structure  of  simulated  B2O3  glass  is  illustrated  in  Fig.  1.  The 
basic  structural  unit  of  the  glass  is  the  BO3  triangle,  and  no  BO4  tetrahedra  are 
seen.  The  BO3  units  are  randomly  connected  together.  Boroxol  rings  are  also 
seen  in  the  simulated  glass,  with  13%  of  the  B  atoms  in  these  rings. 

Note  that  this  fraction  of  B  atoms  in  boroxol  rings  is  far  below  the  esti¬ 
mated  values  of  40%  (Takada  et  al.  [26]),  60%  (Johnson  et  al.  [7])  and  80% 
(Hannon  et  al.  [8]).  There  are  two  possibilities  for  the  low  fraction  of  B  atoms 
in  boroxol  rings  seen  in  our  simulation,  apart  from  the  obvious  one  that  it 


Fig.  1.  The  typical  structure  of  simulated  B2O3  glass.  The  boroxol  ring  can  be  found. 
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might  be  correct.  In  Walrafen’s  spectroscopy  data  [27],  the  integrated  intensity 
of  the  polarized  808  cm"^  line,  ascribed  to  the  boroxol  ring  breathing  mode, 
decreases  with  increasing  temperature  yielding  a  AH  value  of  5‘0  kcal/mol, 
which  has  been  ascribed  to  ring  rupture  [27].  In  molecular  dynamics,  the  nomi¬ 
nal  cooling  rate  may  be  too  fast  compared  with  that  of  the  real  glass.  There¬ 
fore,  the  simulated  glass  may  retain  a  higher  temperature  structure,  and  so  the 
fraction  of  B  atoms  in  boroxol  rings  could  be  lower  in  the  MD  simulated  glass 
than  that  estimated  from  the  real  glass.  Secondly,  the  parameters  for  intera¬ 
tomic  potential  may  not  be  fully  optimized  and  so  our  simulation  could  un¬ 
derestimate  the  number  of  boroxol  rings. 

There  is,  however,  an  opposite  argument,  that  the  enhancement  of  the  B3O6 
breathing  mode  in  the  Raman  spectrum  may  be  due  to  a  matrix  effect  and  not 
necessarily  to  a  high  fraction  of  boroxol  rings.  Elsewhere  in  these  proceeding, 
there  are  reports  of  other  simulation  studies  using  different  methods.  These 
studies  also  come  to  the  conclusion  that  the  number  of  boroxol  rings  is  much 
lower  than  previously  argued  from  the  earlier  data.  We  remark  that  5  kcal/mol 
is  somewhat  on  the  small  side  of  bond  breaking  energy  values. 

4.2.  Pair  Correlation  Function  and  Coordination  Number 

The  calculated  neutron  correlation  function  and  coordination  number  dis¬ 
tribution  are  given  in  Fig.  2  along  with  experimental  data  [8]  for  comparison. 
The  simulation  is  folded  with  correct  real  space  peak  function,  P(r),  to  provide 
the  peak  broadening  due  to  finite  measured  Q^ax- 

The  positions  of  peaks  agree  with  experiment.  The  first  three  peaks  (B-O, 
0-0,  B-B),  which  come  from  the  nearest  neighbors  of  each  atom,  are  quite 
well  matched  to  the  experimental  data.  However,  in  the  intermediate  region, 
there  is  some  discrepancy  with  the  experimental  data.  The  peak  at  2-74  A  in 
Fig.  2(b),  which  comes  from  the  second  nearest  oxygen  neighbors  around  bo¬ 
ron  (2-6  in  Fig.  3)  is  a  small  peak  in  our  calculated  PDF  for  B-O.  This  may  be 
due  to  too  small  number  of  the  boroxol  rings  in  the  simulated  glass.  The  coor¬ 
dination  number  of  O  around  B  is  3  and  that  of  B  around  O  is  2,  as  expected. 

4.3.  B-O-B  and  O-B-O  Bond  Angle  Distribution 

Figure  4  shows  the  O-B-O  and  B-O-B  bond  angle  distribution.  These  bond 
angle  distributions  provide  information  about  how  the  BO3  triangles  units  are 
connected.  The  O-B-O  bond  angle  is  distributed  around  120°,  consistent  with 
boron  having  three  oxygen  neighbors,  forming  a  BO3  triangles.  The  B-O-B 
angle  is  distributed  around  128°,  which  corresponds  to  the  angle  outside  the 
boroxol  rings.  All  of  the  previous  MD  simulations,  except  that  of  Takada  et  al. 
[26],  give  angles  of  160°  and  fail  to  reproduce  the  boroxol  ring  structure.  Ac¬ 
cording  to  the  NMR  experiments  of  Jellison  et  al.  [12],  there  are  two  types  of 
oxygen  environment  in  vitreous  boron  oxide,  one  of  which  is  ascribed  to  oxy¬ 
gen  atoms  in  boroxol  rings  and  the  other  to  oxygen  atoms  outside  boroxol 
rings.  Johnson  et  al.  [7]  compared  their  neutron  diffraction  data  with  a  model 
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Fig.  2.  (a)  Calculated  neutron  correlation  function  for  simulated  B2O3  glass  and 
(b)  coordination  numbers  of  O  around  B  and  B  around  O. 


which  includes  all  of  the  fixed  distances  occurring  in  a  continuous  random 
network  composed  of  both  boroxol  groups  and  BO3  triangles,  together  with 
the  first  non-bonding  B-B  distance  assuming  a  bond  angle  on  the  bridging 
oxygen  atoms  of  130°.  This  model  correctly  predicts  all  of  the  experimental 
peaks  out  to  6  A.  The  present  simulated  glass  is  also  well  matched  to  the  ex¬ 
perimental  data  and  successfully  reproduces  the  boroxol  ring  group. 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


449 


i 


Fig.  3.  Comparison  of  the  assigned  peaks  from  x-ray  analysis  [3]  with  those  from  current 


MD  simulated  B2O3  glass. 


Kind  of 
atoms 

Designation 
on  Figure  3 

Interatomic 

distance(A) 

Calculated  distance  from 
simulated  glass  (A) 

B-O 

1-2 

1-37 

1-37 

0-0 

1-3 

2-37 

2-37 

B-B 

2-4, 2-5 

2-43 

2-47 

B-0 

2-6 

2-74 

2-72 

B-0 

2-7 

variable 

small  hump 

B-O 

2-8 

3-63 

3-62 

0-0 

3-8 

4-10 

4-07 

0-0 

3-7 

variable 

4-55 

0-0 

1-8 

4-75 

4-62 

B-O 

4-6 

5-25 

cannot  assign 

4.4.  Observation  of  Boroxol  Ring 

The  key  geometrical  factor  of  the  boroxol  ring  is  its  planarity.  The  presence 
of  boroxol  groups  is  indicated  in  Fig.  5(a)  with  a  detailed  configuration  given 
in  Fig.  5(b).  Larger  rings,  with  more  than  six  atoms  are  also  detected.  To  ex¬ 
plain  the  sharp  Raman  spectroscopy  peak  at  808  cm~^  which  is  ascribed  to  the 
breathing  mode  of  the  boroxol  ring  and  mainly  involves  three  oxygen  atoms, 


60  80  100  120  140  160  130 

Angle  (degree) 


Fig.  4.  Bond  angle  distributions,  (a)  O-B-O  (b)  B-O-B. 

Current  simulation;  Takada  et  al.  [26];  ■■■  Soppe  et  al.  [17];  ■■■  Xu  et  al.  [20]; 
Amini  et  al.  [15];  Soules  et  al.  [14]. 
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Fig.  5.  (a)  Boroxol  groups  in  simulated  B2O3  glass  (shaded  area  denotes  6  membered  boroxol 
ring)  and  (b)  linkage  of  BO3  triangles  around  a  boroxol  ring. 

the  boroxol  ring  should  be  planar.  However,  in  the  instantaneous  view  from 
the  simulation,  the  boroxol  ring  appears  not  to  not  perfectly  planar  (Figs  1 
and  5).  When  the  calculated  distribution  of  distances  within  the  boroxol  rings 
is  averaged  over  a  number  of  timesteps  and  compared  with  the  theoretical 
distances,  assuming  a  perfectly  planar  boroxol  ring,  it  is  seen  that  our  simu¬ 
lated  rings  are  indeed  planar.  The  results  are  given  in  Fig.  6. 


Fig.  6.  Comparison  with  theoretical  distance  ratio  for  perfect  planar  boroxol  ring  and  for 

simulated  glass. 


Distance 

Type 

Ti/ri 

theoretical  ratio  for 
perfect  planar  B3O6 

h 

by 

calculation 

rt 

simulated 

glass 

Ar 

|r,-r1| 

a 

standard 
deviation  of  ri 

ri 

B-O 

1 

1-368 

1-368 

0-000 

0-050 

r2 

B-B 

0-0 

V3 

2-369 

2-367 

0-002 

0-074 

r2 

B-B 

2sin(b/2) 

2-459 

2-383 

0-076 

0-070 

r3 

B~0 

2 

2-736 

2-670 

0-066 

0-146 

r4 

B-O 

V? 

3-619 

3-629 

0-010 

0-081 

Ts 

0-0 

3 

4-104 

4-040 

0-064 

0-055 

re 

0-0 

2V3 

4-739 

4-718 

0-021 

0-136 

r? 

B-O 

V(10-6cosP) 

5-062 

4-929 

0-133 

0-206 
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The  difference  in  the  interatomic  distance  between  a  perfectly  planar  ring 
and  those  in  the  simulated  glass,  is  given  in  column  6.  Although  this  difference 
increases  in  the  second  and  third  coordination  shells,  the  standard  deviation 
of  the  distances  in  the  simulated  glass  is  much  larger  than  the  actual  differ¬ 
ences.  Therefore,  it  is  concluded  that  the  boroxol  ring  in  the  simulated  glass  is 
planar  and  that  the  deformed  boroxol  ring  in  the  Fig.  5(b)  is  due  to  fact  that 
this  is  an  instantaneous  snapshot  of  the  vibrating  network. 

5.  SUMMARY 

A  pure  boron  oxide  glass  containing  boroxol  rings  has  been  successfully  gen¬ 
erated,  using  MD  simulation,  by  adopting  a  coordination  dependent  potential. 
The  pair  distribution  functions  are  well  matched  to  experimental  data.  The  frac¬ 
tion  of  the  boron  atoms  in  boroxol  rings  in  the  simulated  glass  is  13%,  which  is 
somewhat  lower  than  experimental  results  where  values  up  to  80%  are  claimed. 

REFERENCES 

[1]  C  Huang  &  A.N.  Cormack,  J.  Chem.  Phys.  93  (1990),  8180. 

[2]  C  Huang  &  A.N.  Cormack,  J.  Chem.  Phys.  95  (1991),  3634. 

[3]  C  Huang  &  A.N.  Cormack,  J.  Mater.  Chem.  2  (1992),  281. 

[4]  H.  Maekawa,  Y  Inagaki,  S.  Shiakawa  &  T.  Y)kogawa,  J.  Chem.  Phys.  103  (1995),  371. 

[5]  B.N.  Meera  &  J.  Ramakrishna,  J.  NomCryst.  Solids  159  (1993),  1. 

[6]  R.L.  Mozzi  &  B.E.  Warren,  J.  Appl.  Crystallogr.  3  (1970),  251. 

[7]  RA.V  Johnson,  A.C.  Wright  &  R.N.  Sinclair,  J.  Non-Cryst.  Solids  5(^  (1982),  281. 

[8]  A.C.  Hannon,  D.I.  Grimley,  R.A.  Hulme^  A.C.  Wright  &  R.N.  Sinclair,  J.  Non-Cryst. 
Solids  111  (1994),  299. 

[9]  WH.  Zachriasen,  J.  Am.  Chem.  Soc.  54  (1932),  3841. 

[10]  J.  Krogh-Moe,  J.  Non-Cryst.  Solids  1  (1969),  269. 

[11]  J.  Goubeau  &  H.  Keller,  Z.  Anorg.  Chem.  Ill  (1953),  303. 

[12]  GE.  Jellison.  Jr.,  L.W  Panek,  P.J.  Bray  &  G.B.  Rouse.  Jr,  J.  Chem.  Phys.  66  (1977),  802. 

[13]  S.R.  Elliot,  Phil.  Mag.  B37  (1978),  435. 

[14]  T.F.  Soules,  J.  Chem.  Phys.  73  (1980),  4032. 

[15]  M.  Amini,  S.K.  Mitra  &  R.W  Hockney,  J.  Phys.  C:  Solid  State  Phys.  14  (1981),  3689. 

[16]  M.C.  Abramo,  G.  Pizzimenti  &  G.  Carini,  J.  Non-Cryst.  Solids  85  (1986),  233. 

[17]  W  Soppe,  C.  van  der  Marel  &  H.W  den  Hartog,  J.  Non-Cryst.  Solids  101  (1988),  101. 

[18]  H.  Inoue,  N.  Aoki  &  I.  Yasui,  J.  Am.  Ceram.  Soc.  10  (1987),  622. 

[19]  W  Soppe,  C.  van  der  Marel,  WF.  van  Gunsteren  &  H.W  den  Hartog,  J.  Non-Cryst. 

103  (1988),  201.  , 

[20]  Q.  Xu,  K.  Kawamura  &  T.  Tokokawa,  J.  Non-Cryst.  Solids  104  (1988),  261. 

[21]  W  Soppe  &  H.W  den  Hartog,  J.  Non-Cryst.  Solids  108  (1989),  260. 

[22]  M.C.  Abramo  &  G.  Pizzimenti,  Phil.  Mag.  B64  (1991),  495. 

[23]  A.H.  Verhoef  &  H.W.  den  Hartog,  J.  Non-Cryst.  Solids  146  (1992),  267. 

[24]  A.H.  Verhoef  &  H.W  den  Hartog,  J.  Non-Cryst.  Solids  182  (1995),  235. 

[25]  A.  Takada,  C.R.A.  Catlow  &  G.D.  Price,  J.  Phys:  Condens.  Matter  1  (1995),  8659. 

[26]  A.  Takada,  C.R.A.  Catlow  &  G.D.  Price,  J.  Phys:  Condens.  Matter  1  (1995),  8693. 

[27]  G.E.  Walrafen,  M.S.  Hokmabadi,  PN.  Krishnan,  S.  Gupta  &  R.G.  Munro,  J.  Chem. 
Phys.l9{mZ\  3609. 

[28]  J.  TersofF,  Phys.  Rev.  B37  (1988),  6991. 

[29]  J.  R.  Walker,  In:  Computer  Simulation  of  Solids,  Eds.  C.R.A.  Catlow  and  W.C.  Mackrodt 
(Springer- Verlag,  Berlin  1982),  Chap.  5. 


452 


Proc.  Second  Int.  Conf  on  Borates  Glasses,  Crystals  and  Melts 


SURFACE  CRYSTALLIZATION  OF  CsLiB^Oio  GLASS 


Yong  DING,  Yoshinari  MIURA,  Shinji  NAKAOKA, 
Tokuro  NANBA 

Department  of  Environmental  Chemistry  and  Materials, 
Okayama  University,  Okayama-shi  700,  Japan 

and 

Akiyoshi  OSAKA 

Department  of  Bioengineering  Science,  Okayama  University, 
Okayama-shi  700,  Japan 


The  surface  crystallization  of  CsLiBgOio  (CLBO)  on  a  glass  with  the  same  com¬ 
position  as  the  crystal  was  stimulated  by  ultrasonic  surface  treatment  (UST) 
with  ethanol  suspensions  containing  crystalline  CLBO  particles  and  subsequent 
heat  treatment.  The  effects  of  UST  parameters,  including  ultrasonic  frequency, 
treating  period,  suspending  medium  and  concentration  of  suspended  CLBO, 
were  investigated  in  detail.  Glass  surfaces  doped  with  CLBO  microcrystallites 
with  a  narrow  size  distribution  and  thin  CLBO  films  on  glass  were  prepared. 


1.  INTRODUCTION 

Some  of  the  borate  crystals  have  excellent  nonlinear  optical  properties  in  the 
ultraviolet  range,  such  as  p-BaB204  (BBO)  and  LiB305  (LBO),  due  to  their  B3O6 
and  B3O7  structural  groups  [1-3].  Recently  it  was  found  that  CsLiBgOio  (CLBO) 
crystal  which  contains  the  B3O7  structural  group  could  also  have  a  large  second- 
order  optical  nonlinearity  d36=0*95  pmA^  and  a  short  absorption  edge  near  180 
nm  as  well  as  good  phase  matching  ability  in  the  ultraviolet  region  [4].  However, 
it  is  difficult  to  grow  these  borate  single  crystals,  and  especially  to  prepare  them 
in  some  special  forms  such  as  fibers.  In  contrast,  borate  glass  can  easily  be  pre¬ 
pared  in  large  sizes  and  various  forms.  Glasses  can  easily  be  formed  with  the 
same  compositions  as  LBO  and  CLBO  crystals,  and  it  would  thus  be  worth¬ 
while  if  the  advantages  of  glass  and  nonlinear  optical  crystal  could  be  com¬ 
bined.  Recently,  we  have  developed  a  novel  technique  for  growing  various 
microcrystallites  or  thin  films  on  glass  by  controlled  surface  crystallization  of 
glass.  This  is  realized  by  an  ultrasonic  surface  treatment  (UST)  with  suspensions 
for  implanting  nuclei  on  glass  and  subsequent  heat  treatment  [5-7]. 

A  preliminary  investigation  has  been  made  of  the  crystallization  character 
of  a  glass  with  LBO  composition  [8].  The  glass  showed  partial  crystallization 
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in  limited  locations  or  foamy  crystallization.  No  UST  effect  has  so  far  been 
observed  on  the  crystallization  of  the  glass.  The  conventional  crystallization 
characteristics  of  a  glass  of  CLBO  was  similar  to  that  of  the  glass  of  LBO. 
However,  it  was  found  that  our  UST  technique  is  able  to  stimulate  the  uniform 
surface  crystallization  of  CLBO.  This  paper  reports  the  crystallization  charac¬ 
teristics  of  the  glass  of  CLBO  and  the  effects  of  various  UST  parameters.  The 
kinetics  of  the  stimulated  surface  crystallization  are  also  discussed. 

2.  EXPERIMENTAL  PROCEDURES 

The  glass  with  CLBO  composition  was  prepared  by  melting  a  batch  of  rea¬ 
gent  grade  CS2CO3,  Li2C03  and  B2O3  in  a  platinum  crucible  at  1 1 50°C  for  about 
2  h  in  an  electric  furnace  and  then  quenching,  followed  by  annealing  at  430°C 
for  1  h.  The  samples  were  mirror-polished  with  an  aqueous  suspension  of 
alumina  particles  (~1  pm  average  diameter)  before  UST  or  heat  treatment.  The 
UST  technique  was  similar  to  that  reported  in  Refs  [5-7].  During  the  UST,  the 
samples  were  placed  in  a  plastic  bottle  (~D40xH100  (mm^))  containing  aque¬ 
ous  (distilled  H2O)  or  ethanol  (~95  wt%  EtOH,  composed  of  ~5  wt%  H2O) 
suspensions  of  CLBO  crystalline  particles  (~4  pm  average  diameter).  An  ul¬ 
trasonic  bath  (VS- loom  SUNPAR,  100  W,  Velvo-Clear  Co.)  was  used  with 
three  changeable  frequencies,  28,  45,  100  kHZ,  and  the  capability  to  alternate 
the  three  frequencies  for  a  predetermined  period  (1  min  was  used  here)  for 
each  frequency.  The  effect  on  the  surface  crystallization  of  CLBO  due  to  ultra¬ 
sonic  frequency  or  alternating  treatment,  UST  period  and  the  concentration 
of  CLBO  particles  in  suspension  was  investigated.  Here  the  CLBO  powder 
was  obtained  by  annealing  the  glass  at  700°C  for  1  h  and  subsequent  pulveriz¬ 
ing.  CuKa  X-ray  diffraction  (XRD)  confirmed  the  crystallized  phase  was  only 
CLBO  crystal  [9].  After  UST,  the  samples  were  heat  treated  at  predetermined 
temperatures  for  various  periods  with  a  heating  and  cooling  rate  of  30°C/min. 

The  crystallized  phase  was  determined  by  XRD.  The  microstructure  of  the 
crystallized  upper  surface  and  cross  section  (fracture  surfaces)  were  examined 
under  a  scanning  electron  microscope  (SEM),  from  which  estimates  were  made 
of  the  particle  density  and  size  distribution  (maximum  diameter)  of  the  sur¬ 
face  crystallites  and  thickness  of  the  crystallized  layer. 

3.  RESULTS 

3.1.  Some  Physical  Properties  of  the  Glass  and  Crystallization  Without  UST 

The  glass  transition  temperature  Jg  and  crystallization  temperature  were 
43 1°C  and  534°C,  respectively,  due  to  differential  thermal  analysis  with  a  heat¬ 
ing  rate  of  10°C/min.  The  optical  absorption  edge  of  the  glass  was  ~217  nm, 
which  was  37  nm  longer  than  that  reported  for  CLBO  single  crystal  (180  nm) 
[4].  The  glass  has  a  density  of  2-363  g/cm\ 

The  onset  temperature  of  the  crystallization  of  the  as-polished  glass  was  at 
490°C  when  6  h  heating  was  applied.  However,  the  glass  showed  only  partial  crys¬ 
tallization  in  limited  locations  at  this  temperature  or  crystallized  into  cracked  or 
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Fig.  1.  Surface  XRD  patterns  of  the  samples  after  USX  (28  kHZ,  30  min)  and  heat 
treatment  with  the  experimental  conditions  indicated  in  the  figure.  The  XRD  pattern  of  the 
CLBO  powder  is  shown  as  a  reference. 


foamy  states  at  higher  temperature.  The  crystallized  phase  was  CLBO  confirmed 
by  XRD.  It  is  impossible  to  prepare  thin  films  of  CLBO  or  uniform  microcrystal¬ 
lite-doped  glass  by  means  of  surface  crystallization  of  the  as-polished  glass 


3.2.  Effects  of  UST  Parameters  on  the  Stimulated  Surface  Crystallization  of  CLBO 
3.2.1.  The  effect  of  suspension  media  -  Figure  1  shows  the  surface  XRD  patterns 
of  the  samples  heated  at  450°C  for  6  h  after  UST  with  an  aqueous  suspension  or 
an  ethanol  suspension  of  CLBO  (~1  wt%  crystalline  powder)  for  30  min  using 
an  ultrasonic  frequency  of  28  kHZ.  No  crystallization  was  detected  for  the  sample 
after  UST  with  the  aqueous  suspension.  Partial  dissolution  of  the  CLBO  powder 
in  water  was  observed.  Thus,  when  an  aqueous  suspension  was  used,  UST  could 
not  seed  the  CLBO  particles  on  the  glass  for  surface  crystallization  due  to  the 
simultaneous  dissolution.  Surface  crystallization  of  CLBO  was  stimulated  by 
UST  with  the  ethanol  suspension.  No  significant  preferred  orientation  was 


Fig.  2.  SEM  photograph  of  crystallized  surface  of  the  sample  heated  at  450°C  for  6  h  after 
UST:  28  kHZ,  EtOH  +  1  wt%  CLBO,  30  min. 
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Fig.  3.  The  particle  density  of  the  surface  crystallites  as  a  function  of  ultrasonic  frequency 
for  the  samples  heated  at  450°C  for  6  h  after  UST:  EtOH+1  wt%  CLBO,  30  min. 

observed  for  the  surface  crystallized  CLBO,  as  shown  by  a  comparison  with  the 
XRD  pattern  from  CLBO  powder  also  indicated  in  Fig.  1  as  a  reference.  The 
SEM  photograph  in  Fig.  2  of  a  crystallized  surface  shows  that  the  surface 
microcrystallites  were  randomly  or  uniformly  distributed  on  the  glass  surface, 
with  a  particle  density  of  ~5-66x  10^  cm"^.  The  size  distribution  analysis  from  the 
SEM  photograph  indicated  that  most  of  the  particles  were  smaller  than  6  pm 
and  the  sizes  were  symmetricalfy  distributed  with  the  most  probable  diameter 
near  2~3  pm.  The  surface  CLBO  microcrystallites  seem  to  float  on  the  glass, 
with  poor  wetting  between  the  crystallites  and  glass  substrate. 

3.2.2.  The  effect  of  ultrasonic  frequency  -  The  surface  particle  density 
determined  by  SEM  of  the  microcrystallites  on  glass  as  a  function  of  ultrasonic 
frequency  is  shown  in  Fig.  3  for  the  samples  heated  at  450°C  for  6  h  after  UST: 
EtOH+1  wt%  CLBO,  30  min.  It  is  clear  that  an  ultrasonic  frequency  of  28 
kHz  gives  the  highest  surface  crystallite  density  among  the  frequencies  indicated 


Fig.  4.  The  particle  density  of  surface  crystallites  as  a  function  of  UST  period  for  the 
samples  heated  at  450°C  for  6  h  after  UST:  28  kHZ,  EtOH+1  wt%  CLBO).  The  lines  are 

drawn  as  a  guide  the  eye. 
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in  the  figure.  The  result  shows  that  ultrasonic  frequency  is  also  a  very  important 
parameter  for  efficiently  stimulating  the  surface  crystallization  of  CLBO. 

3.2.3.  The  effect  of  UST  period  -  The  observed  surface  particle  density  as  a 
function  of  UST  period  was  plotted  in  Fig.  4,  where  UST:  28  kHZ,  EtOH+1 
wt%  CLBO,  and  heat  treatment:  450°C,  6  h,  were  applied.  With  increasing  UST 
period,  there  is  an  initial  increase  in  surface  particle  density  followed  by  a  decrease 
for  UST  periods  longer  than  60  min.  It  was  found  the  temperature  of  the 
suspension  was  increased  significantly  after  long  UST  (~50°C)  and  some  of  the 
CLBO  particles  in  the  suspension  were  dissolved  (the  transparency  of  the 
suspension  became  higher  after  longer  UST).  It  is  thus  expected  that  there  is  a 
competition  between  ultrasonic  seeding  and  dissolution  of  CLBO  during  UST, 
even  when  ethanol  is  used  as  the  medium.  Longer  UST  increased  the  temperature, 
which  increased  the  possibility  for  the  dissolution  of  the  seeds  on  surface. 

3.2.4.  The  effect  of  the  content  of  the  suspended  CLBO  particles  -The  concentration 
of  CLBO  in  the  suspension  is  also  important  for  effectively  stimulating  the  surface 
crystallization  of  CLBO.  CLBO  crystalline  films  were  deposited  for  all  of  the 
samples  after  UST  (28  kHz)  for  30  min  with  ethanol  suspensions  containing  2,  3, 
5  or  7  wt%  CLBO  and  heated  at  450°C  for  6  h.  Fig.  5a  and  5b  arc  typical  SEM 
photographs  for  the  samples  treated  with  suspensions  containing  2  and  5  wt% 
CLBO,  respectively.  Their  morphologies  are  different,  even  though  no  significant 
difference  was  observed  for  the  thickness  of  the  films  ('^2*7  pm).  The  surface 
crystallites  became  larger  and  denser  in  distribution  initially  with  increasing  CLBO 
content,  but  became  smaller  and  looser  after  a  further  increase  to  7  wt%  CLBO, 
giving  a  similar  morphology  to  that  in  Fig.  5a.  Significant  precipitation  of  CLBO 
on  the  glass  surface  after  UST  was  observed  when  a  higher  content  of  CLBO  such 
as  7  wt%  was  used.  The  precipitation  may  hinder  the  ultrasonic  bombardment  of 
the  particles  in  suspension  on  the  glass  surface,  and  reduce  the  possibility  of  seeding 
the  glass  surface  with  CLBO  fragments  for  dense  surface  crystallization.  There  is 
no  significant  preferred  orientation  for  the  crystalline  films,  as  indicated  in  Fig.  1 
for  the  sample  after  UST  with  a  suspension  of  5  wt%  CLBO. 

3.3.  Kinetics  of  the  Stimulated  Surface  Crystallization  of  CLBO  by  UST 

According  to  the  above  results,  UST  with  ethanol  suspensions  of  CLBO  can 
efficiently  stimulate  the  surface  crystallization  of  CLBO  on  glass.  However,  the 
stimulation  is  very  sensitive  to  the  UST  parameters.  Here,  the  kinetics  of  the  stimu¬ 
lated  surface  crystallization  were  investigated  using  samples  heated  for  6  h  at  vari¬ 
ous  temperature  after  the  UST:  28  kHz,  EtOH+1  or  3  wt%  CLBO,  30  min. 

3.3,1.  UST  with  EtOH  +  1  wt%  CLBO  suspensions  -  The  onset  temperature  for 
the  stimulated  surface  crystallization  of  CLBO  was  440°C.  Figs.  6a  and  6b  show 
typical  SEM  photographs  of  the  samples  heated  at  460°C  and  470°C,  respectively. 
The  SEM  analysis  shows  that  the  surface-crystallite  particle  density  decreases  as 
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Fig.  5.  SEM  photographs  of  the  crystallized  surfaces  of  the  samples  heated  at  450°C  for  6  h 
after  UST  (28  kHZ,  30  min)  with  a:  EtOH+2  wt%  CLBO;  b:  EtOH+5  wt%  CLBO. 


the  heating  temperature  increases  up  to  470°C.  What  happened  in  this  temperature 
range  was  mainly  growth  along  the  glass  surface  and  coarsening  in  the  surface 
layer  by  integrating  a  few  particles,  but  not  growth  into  the  glass  substrate  (the 
depth  direction).  Due  to  the  coarsening,  the  sample  heated  at  470°C  gave  two 
kinds  of  crystallite  size  distribution  ranges  (maximum  diameter)  with  most 
probable  sizes  near  1~2  pm  and  7~8  pm.  Above  480°C,  the  introduced  nuclei 
could  grow  into  the  glass  substrate  and  form  CLBO  films,  with  a  morphology 
similar  to  that  shown  in  Fig.  5b.  A  very  weak  orientation  tendency  along  the 
(211)  plane  of  the  surface  crystallized  CLBO  was  observed  for  the  samples  heated 
at  higher  temperature,  as  can  be  seen  in  Fig.  1  by  comparing  the  XRD  pattern  of 
the  sample  heated  at  470°C  with  the  XRD  pattern  from  CLBO  powder. 


3.3.2.  UST  with  EtOH  +  3  wt%  CLBO  suspensions  -  CLBO  film  was  not  formed 
for  the  sample  heated  at  440°C  for  6  h,  whilst  above  this  temperature  films 
were  precipitated.  The  relationship  between  the  average  thickening  rate  in  6  h, 
U  (crn/s),  and  the  heating  temperature,  T  (in  Kelvin),  can  be  described  by  an 
Arrhenius  equation:  U=Uoexp(-ED/RT),  with  an  apparent  activation  energy 
Ed=444  kJ/mol.  That  is  to  say,  the  thickness  of  the  surface  crystallized  CLBO 
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film  on  the  glass  can  be  controlled  by  heat  treatment  subsequent  to  USX  with 
ethanol  suspensions  containing  suitable  concentration  of  CLBO  particles. 


4.  DISCUSSION 

The  mechanism  for  the  stimulated  surface  crystallization  of  CLBO  by  USX  is 
considered  to  be  as  reported  previously  [5-7],  i.e.  the  ultrasonic  bombardment 
with  a  suspension  of  CLBO  causes  many  very  fine  CLBO  fragments  to  be  de¬ 
posited  on  the  glass  surface,  and  these  fine  particles  act  as  the  nuclei  or  seeds  for 
epitaxial  growth  of  CLBO.  The  present  study  shows  that  the  efficiency  for  seed¬ 
ing  the  glass  surface  strongly  depends  on  the  USX  parameters,  such  as  the  sus¬ 
pending  medium,  USX  period,  ultrasonic  frequency  and  the  concentration  of 
the  suspended  CLBO.  Since  CLBO  is  l^groscopic  [4],  the  use  of  water  as  a  sus¬ 
pending  solution  or  the  increased  suspension  temperature  after  long  USX,  even 
with  an  ethanol  suspension  (containing  ~5  wt%  H2O),  will  dissolve  the  suspended 
CLBO  particles  or  the  seeds  on  the  glass  surface  significantly,  thus  reducing  the 
seeding  efficiency  of  USX.  On  the  other  hand,  there  is  a  competition  between 
the  cleaning  and  seeding  by  USX  With  the  changeable  frequency  of  the  present 
ultrasonic  cleaning  bath  [10],  a  higher  ultrasonic  frequency  is  found  to  give  higher 
efficiency  for  cleaning,  vdiilst  ultrasonic  treatment  with  alternating  frequency 
has  the  best  cleaning  effect.  As  a  result,  the  seeding  effect  may  be  reduced  when 
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higher  or  alternating  frequency  is  used,  thus  reducing  the  USX  effect  on  the 
stimulated  surface  crystallization.  Also,  the  cleaning  effect  may  be  the  main  fac¬ 
tor  when  low  concentrations  of  CLBO  (<2  wt%)  in  the  suspension  were  used. 
However,  when  high  concentrations  of  CLBO  (>5  wt%)  were  used  in  the  sus¬ 
pensions,  the  precipitation  of  CLBO  particles  covered  the  glass  and  hindered 
the  ultrasonic  bombardment  for  seeding  the  glass  surface. 

The  results  of  the  kinetic  study  of  the  stimulated  surface  crystallization  of 
CLBO  by  USX  for  the  present  glass  indicate  that  the  nuclei  are  introduced  by 
USX  If  a  small  amount  of  nuclei  is  seeded,  the  growth  at  lower  temperatures 
than  480°C  was  mainly  directed  along  the  glass  surface  and  coarsening,  not 
inside  the  glass  substrate.  In  this  way  CLBO  microcrystallite  surface-doped  glass 
with  changeable  particle  size,  distribution  and  density  can  be  prepared.  If  a  large 
amount  of  nuclei  is  seeded,  CLBO  films  are  easily  prepared  with  a  controllable 
thickness  depending  on  subsequent  heat  treatment.  Their  properties  (such  as 
nonlinear  optical  properties)  depend  on  the  texture,  and  are  under  investigation. 

5.  CONCLUSIONS 

The  uniform  surface  crystallization  of  CLBO  was  stimulated  by  ultrasonic  sur¬ 
face  treatment  (USX)  with  ethanol  suspensions  containing  CLBO  particles  and 
subsequent  heat  treatment.  The  selection  of  the  USX  parameters  is  important  for 
effective  stimulation  of  crystallization.  Under  the  experimental  conditions  in  the 
present  research,  USX  with  an  ultrasonic  frequency  of  28  kHZ  for  about  30  min 
using  an  ethanol  suspension  of  CLBO  particles  gave  better  efficiency.  The  texture 
of  the  crystallized  surface  can  be  controlled  by  the  concentration  of  suspended 
CLBO  and  by  heat  treatment.  Glass  surfaces  doped  with  CLBO  microcrystallites 
with  a  narrow  size  distribution  and  thin  CLBO  films  on  glass  were  prepared. 
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Investigations  are  carried  out  on  multicomponent  glassy  coatings  in  the  which 
B2O3  and  Bi203  content  is  varied.  The  substitution  of  B2O3  for  Bi203  influ¬ 
ences  the  development  of  different  microheterogeneous  structures  due  to 
liquid  phase  separation  or  to  increasing  tendency  for  crystallization.  It  is 
established  that  the  changes  in  the  microstructure  are  responsible  for  the 
surface  properties  of  the  coatings  obtained  in  a  narrow  temperature  range 
between  500  and  800°C.  The  coatings,  based  on  B203-containing  multicom¬ 
ponent  glasses,  possess  good  adhesion  with  the  ceramic  body  and  high  mi¬ 
crohardness  for  compositions  with  high  B2O3  content. 


1.  INTRODUCTION 

Multicomponent  borate  glasses  find  wide  application  in  contemporary  high- 
temperature  technology.  One  of  their  applications  is  the  use  of  B2O3  in  frits,  glasses 
and  coatings  for  the  traditional  ceramic  industry.  These  materials  use  around  11- 
13%  of  the  total  B2O3  consumed  by  the  glass  industry  The  other  applications  of 
borate  containing  glasses  are  in  fibers,  heat  resisting  glasses  (Ryrex),  sealing,  Vycor 
glass  and  optical  glasses  [1].  In  the  glazes,  B2O3  reduces  the  softening  and  melting 
temperatures,  lower  the  surface  tension  and  improves  their  mechanical  and  ther¬ 
mal  properties  [2,3].  On  the  other  hand,  B2O3  influences  considerably  the  aesthetic 
characteristics  of  the  coating,  because  of  the  special  optical  effects  created  by  its 
inclusion.  In  previous  investigations,  the  authors  have  obtained  new  multicompo¬ 
nent  glassy  coatings  with  non-traditional  decorative  effects  'which  we  found  to  be 
connected  with  the  formation  of  a  complex  microheterogeneous  structure  due  to 
the  existence  of  liquid-phase  separation  and  crystallization.  It  is  established  that 
the  co-participation  of  Te02  and  B2O3  leads  to  a  wide  liquid-phase  separation 
range  and  the  presence  of  different  microheterogeneous  structures  [4-8].  New  re¬ 
sults  have  been  published  for  the  B203-Bi203-Te02-Rb0  system  whdch  show  that 
transparent  glasses  with  high  refractive  index  and  also  opaque  glasses  and  glass- 
ceramic  materials  can  be  obtained  [8]. 

The  aim  of  this  study  is  to  follow  the  change  in  micro  structure  as  a  function 
of  the  proportion  of  B2O3  and  Bi203  in  multicomponent  compositions  con- 
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glass 

d- glass  +  crystal 
#.  crystal 

Fig.  1.  Spatial  presentation  of  glass  compositions  and  tendency  for  crystallization  after 
additional  thermal  treatment  at  600°C. 

taining  B2O3,  Te02,  Bi203,  Si02,  ZnO,  BaO  and  PbO  and  it's  influence  on  the 
production  of  new  non-traditional  decorative  effects. 

2.  EXPERIMENTAL 

The  selection  of  the  glaze  components  was  made  according  to  published  data 
relating  to  special  compositions  for  frits  and  glazes  [2,3].  The  choice  of  the  above 
combination  of  non-traditional  components-Bi203  and  Te02,  together  with  B2O3 
for  the  multicomponent  compositions  results  from  the  conclusions  of  previous 
investigations  [4-8].  The  compositions  studied  are  presented  in  Fig.  1  in  the  form 
of  a  tetrahedron  on  the  first  three  vertices  which  there  are  Te02,  B2O3  and  Bi203, 
while  the  fourth  has  the  other  components:  feldspar,  PbO,  BaO  and  ZnO.  Sec¬ 
tions  with  10,  20  and  30  mol%  Te02  are  shown,  in  which  the  content  of  B2O3  is 
varied  from  0  to  50  mol%.  The  batches  were  prepared  by  mixing  elemental  Te, 
H3BO3,  Bi203,  Pb304,  feldspar,  BaC03  and  ZnO  in  the  appropriate  amounts  200 
g.  Batches  were  homogenized  in  an  rotating  mill  and  melted  in  a  laboratory 
electric  furnace  in  alumina  crucibles  at  temperatures  in  the  range  1000-1300°C, 
depending  on  the  composition.  The  obtained  glass-like  melts  were  cooled  in 
water  to  obtain  frits,  which  were  then  crushed  to  grains  size  1-1 -5  mm  and  ap¬ 
plied  to  white  zirconium  glazed  tiles.  These  were  subject  to  thermal  treatment  in 
the  temperature  range  500-800°C  for  periods  of  15  min.  to  3  h. 

The  phases  formed,  crystallization  processes  and  the  microstructure  of  glassy 
coatings  synthesized  were  studied  by  X-ray  diffraction  (DRON-UN 
diffractometer,  Cu  Kcx  radiation),  infrared  spectroscopy  SPECORD  M  80  spec¬ 
trophotometer,  DTA  (Hench  apparatus)  and  TEM  (Philips  400  electron  mi- 
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Fig.  2.  X-ray  diffraction  patterns  for  glass  compositions  6,  9  and  14: 

—  after  melting  and - after  thermal  treatment  at  600°C  for  3  h. 

croscope).  The  Vickers  hardness  of  the  glassy  coatinngs  was  determined  using 
a  Nu  (Carl  Zeiss-Jena)  hardness  testing  microscope  with  a  loading  of  30  g  for 
a  duration  of  30  s. 

3.  RESULTS  AND  DISCUSSION 

All  compositions  after  melting  and  cooling  are  amorphous.  The  colour  of  the 
glasses  changes  depending  on  the  composition,  from  yellow  through  yellow- 
brown  to  black-brown  depending  on  the  degree  of  oxidation  of  Te  to  Te02. 
Following  additional  thermal  treatment,  samples  with  a  high  content  of  B2O3 


1300  1100  mr  7p  500  300 

v,cm"i 


Fig.  3.  IR  spectrum  for  glass  compositions  1  to  6,  in  which  the  B2O3  and  6^03  contents  vary 

from  0  to  50  mol%. 
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Fig.  4.  DTA  of  composition  3. a,  after  melting  and  b,  after  thermal  treatment  at  600°C. 

are  amorphous,  while  the  increasing  content  of  Bi203  stimulates  crystalliza¬ 
tion.  The  introduction  of  Te02,  above  30  mol%,  also  increases  the  tendency 
for  crystallization  (Fig.  1).  The  main  crystalline  phases,  which  appear  may  be 
connected  with  the  formation  of  a  solid  solution  with  the  common  formula 
Bii-xTexO(3+x)/2  [9].  With  increasing  Bi203  content  the  boundary  phases,  Bi2Te05, 
Bi2Tei.506  and  5-Bi203  are  formed  (Fig.  2).  A  glassy  phase  also  remains  at  most 
compositions  (the  diffraction  patterns  exibit  a  residual  amorphous  halo)  and 
may  include  all  of  B2O3.  This  is  confirmed  by  the  IR  spectra  of  the  glasses 
(Fig.  3).  The  band  around  1040-1020  cm"^  may  by  interpreted  with  formation 
of  polymerized  Si04  tetrahedra  in  the  network  which  are  depolymerized  with 
increasing  Bi203  content,  as  confirmed  by  the  is  shifting  of  the  band  to  960- 
940  cm"h  The  spectra  in  Fig.  3  indicate  the  presence  of  three-membered  borate 
rings  containing  a  BO4  tetrahedron  (small  peak  at  about  770  cm"^  [10].  Ac¬ 
cording  to  the  DTA  curved  the  compositions  are  melting  around  620-680°C  (Fig. 
4).  The  endothermal  effect  to  the  non-thermal  treated  samples  is  smaller,  because 
the  samples  do  not  crystalize  during  the  time  of  heating.  Non-thermal  treated 
samples  with  higt  B2O3  content  are  amorphous,  according  to  TEM  observations 
(Fig.  5).  The  electron  microscope  study  of  the  thermal  treated  samples  confirm  X- 
ray  diffraction  data.  In  Fig.  6  is  shown  the  microstructure  of  composition  3,  con- 


Fig.  5.  TEM  micrograph  of  glass  1,  containing  50  mol%  B2O3. 
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Fig.  6.  TEM  micrograph  of  glass  3,  containing  30  mol%  B2O3,  after  thermal  treatment  at 

600°C 

taining  30  mol%  B2O3,  after  thermal  treatment  at  600°C  An  amorphous  matrix  is 
seen  in  which  separate  crystals  are  formed  with  size  of  1~3  |Lun. 

The  composition  containing  only  10  mol%  B2O3  is  crystalline  after  thermal 
treatment  at  600°C  with  coarse-grained  crystals  of  size  10-20  pm  (Fig.  7).  X- 
ray  analysis  shows  that  these  correspond  to  the  phase  Bi2Te05  which  is  also 
confirmed  by  IR  spectroscopy  (Fig.  8).  The  IR  bands  may  be  assigned  to  the 
characteristic  frequencies  of  the  bulding  units  of  the  compound  Bi2Te05:  425, 
465,  540,  570  and  610  cm"^  corresponding  to  the  vibrations  of  BOn  polyhedra 
and  705,  670  and  380  cm“^  corresponding  to  TeO^  polyhedra  [1 1]. 

The  coatings  exhibit  high  thermal  stability  and  there  is  no  appearance  of  cracks 
up  to  150°C  when  performing  a  standard  test.  All  of  the  coatings  are  character¬ 
ized  by  very  good  adhesion  to  the  ceramic  body.  The  compositions  with  high  B2O3 
content  are  characterized  by  good  microhardness,  which  decreases  with  increasing 
B2O3  content  (Fig.  9).  The  coatings  posses  Mohs’  hardness  of  5-6,  which  is  com- 


Fig.  7.  TEM  micrograph  of  glass  11,  containing  10  mol%  B2O3,  after  thermal  treatment  at 

600°C 
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Fig.  8.  IR  spectrum  for  glass  11,  after  thermal  treatment  at  600°C. 

parable  to  that  for  other  traditional  glazes  [12].  A  low  melting  B203-containing 
glassy  coating  of  composition  6,  obtained  at  600°C,  is  shown  in  Fig.  10. 

4.  CONCLUSION 

A  thermal  regime  for  controlling  the  microheterogeneous  structure  of  coat¬ 
ings  containing  crystalline  phases  and  liquid  immisibility  regions  has  been 
developed.  It  has  been  established  that  multicomponent  low-melting  B2O3 -con¬ 
taining  compositions,  after  thermal  treatment,  are  appropriate  for  applications 
in  the  tile  industry  and  lead  to  non-traditional  decorative  effects. 


Fig.  9.  Variation  of  the  Vickers  hardness  of  the  glassy  coatings  as  a  function  of  the  B2O3 

content. 


466 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Fig.  10.  Photograph  of  a  low  melting  B203-containing  glassy  coating  of  composition  6, 
obtained  after  thermal  treatment  at  600°C 
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We  have  studied  the  glass  structure  of  K2O-XB2O3  (x=2~5)  and  Ca0-K20- 
>^6203  0=4,6,8,10)  glasses  by  using  laboratory  XAFS  facilities.  The  average 
coordination  numbers  are  6  oxygen  atoms  around  Ca  and  K,  and  the  mean 
distances  are  2*37'^2'45  A  for  CaO  and  2-77~2-83  A  for  K-O,  respectively. 
The  XAFS  results  are  in  good  agreement  with  our  MD  simulation  and  X- 
ray  diffraction  results. 


1.  INTRODUCTION 

The  Structures  of  pure  B2O3  and  alkali  borate  glasses  have  been  examined 
by  various  investigators  from  different  points  of  view:  Raman  scattering  [1], 
X-ray  diffraction,  Neutron  diffraction  [2-5]  and  NMR  [6].  However,  ternary 
glass  systems  containing  alkaline  earth  oxides  have  been  studied  to  a  lesser 
extent  than  the  binary  borate  glasses. 

X-ray  absorption  fine  structure  (XAFS)  spectroscopy  has  been  used  exten¬ 
sively  as  an  aid  to  understanding  local  coordination  characteristics  [7-9].  In 
this  study,  the  major  purposes  are  to  determine  the  calcium  and  potassium 
coordination  environments  for  K2O-B2O3  and  Ca0-K20-B203  glasses,  mainly 
based  on  experiments  on  Ca  and  K  X-edges  using  a  laboratory  XAFS  facility. 
The  Measurements  are  compared  with  Molecular  Dynamics  (MD)  simulations 
and  X-ray  diffraction  results. 
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2.  EXPERIMENT 
2.1  Sample  Preparation 

Samples  were  prepared  as  follows:  K2O-XB2O3  (x=2'^5),  Ca0-K20-3;B203 
();=4,6,8,10)  glasses,  K2CO3  crystal,  CaO  crystal,  and  Calcium  meta-borate 
(Ca(B02)2 )  crystal.  All  glass  samples  of  K2O-XB2O3  and  Ca0-K20-yB203 
were  prepared  from  analytical  reagent  grade  powders:  H3BO3,  K2CO3,  CaC03. 
Batches  of  about  10  g  were  mixed  and  then  melted  at  1273K  for  K2O-XB2O3, 
and  1473K  for  Ca0~K20-yB203,  in  Pt  crucibles  inside  an  electrical  furnace, 
until  the  melt  was  free  of  CO2  and  H2O  bubbles.  After  melting,  the  liquids 
were  cooled  down  to  room  temperature  rapidly  on  a  stainless  steel  plate  to 
obtain  the  glass  samples  [10]. 

The  glass  powders  were  obtained  by  crushing  the  bulks  in  a  mortar,  and 
were  intermingled  in  thin  films  of  polymethylpentene. 


2.2  XAFS  Measurement 

K  and  Ca  ^-edge  XAFS  spectra  of  Ca0-K20-B203  glasses  were  obtained 
with  laboratory  XAFS  facilities,  Technos  EXAC  800,  in  transmission  mode. 
This  facility  consists  of  a  rotating  anode  X-ray  generator  having  thin  Be  win¬ 
dows  (25  mm),  curved-crystal  monochromator,  Si(Li)  solid  state  detector  (SSD) 
and  evacuated  path.  In  the  present  study,  the  Mo  rotating  anode  X-ray  source 
was  operated  at  12*5  kV  and  70  mA,  and  the  X-ray  source  current  could  be 
controlled  in  order  to  be  almost  constant  in  light  source  emission.  A  Johan- 
type  LiF(200)  (2d=4-026  A)  monochromator  was  used,  supplied  by  Quartz 
and  Silice  Co.,  France. 

The  K  and  Ca  X-edge  absorption  spectra  of  the  samples  have  been  col¬ 
lected  up  to  about  500  eV  above  the  absorption  edge  for  extended  X-ray  ab¬ 
sorption  fine  structure  (EXAFS)  studies. 

The  EXAFS  data  were  analyzed  using  a  standard  procedure  [1 1].  The  thresh¬ 
old  energy  Eq  was  taken  as  the  photon  energy  at  the  inflection  point  of  the 
absorption  edge.  After  the  subtraction  of  a  McMaster-type  background  in  the 
pre-edge  region  and  a  polynomial-type  baseline  in  the  XAFS  region,  the 
EXAFS  signal  k^c(k)  gives  the  radial  structure  function  (RSF)  in  R  space 

^{Rj)  =  L™  W{k)k^  zik)e'^‘’^dk,  (1) 

where  the  Hanning  window  function  W{k)  reduces  the  effect  of  restricting  the 
Fourier  transform  within  the  range  of  k  and  ki„ax=10-OA"0.  In 

order  to  obtain  the  local  structure  around  potassium  and  calcium  atoms,  non¬ 
linear  least-square  fitting,  given  by 


Zik)  =  J^NjFj(k,;r)e 


■2ay  _2r,aa)  sin(2fcr  +  ^(A:)) 


(2) 


kr: 


was  carried  out  in  the  filtered  fc-space,  utilizing  the  theoretical  phase  and 
amplitude  functions  of  Rehretal.  [12],  Here  r,  is  the  interatomic  distance  between 
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the  absorber  and  the yth  neighboring  atom,  Nj  is  the  coordination  number  and  Sj 
is  the  Debye-Waller  factor  resulting  from  thermal  vibration  and  static  disorder. 
The  phaseshift  and  amplitude  parameters  for  Ca-0  and  K-0  were  extracted  by 
best-fitting  the  EXAFS  of  reference  samples  (CaO,  Ca(B02)2,  K2CO3). 


2.3  Molecular  Dynamics  Simulation 

The  Molecular  Dynamics  (MD)  calculations  were  performed  in  a  similar 
way  to  that  described  previously  by  one  of  the  authors  [5].  The  simulation  has 
been  carried  out  on  Ca0-K20^B203  and  Ca0-K20-8B203  glasses  at  room 
temperature. 

The  pair  potential  function  is  assumed  to  consist  of  simplified  Coulombic, 
repulsive  and  van  der  Waals  attraction  terms: 


Uij  — —  +  /o  (bi  +  bj )  exp( — ^ - ; - ) 


nj 


k  +b, 


^ij 


(3) 


where  z,  is  the  fornial  charge  number  of  ion  i,  e  is  the  unit  charge,  ry  is  the 
distance  between  ions  i  and is  a  force  constant  arbitrarily  taken  here  to  be 
1  kcal/molA  (=6-948xl0”*’  dyne)  and  a,  and  Z),  are  the  crystal  radius  and  c,  is 
compressibility  of  ion  i.  All  the  parameters  are  shown  in  Table  1. 


Table  1 

Parameters  of  Interatomic  Potential  Models. 


Ion 

w 

z 

a  (A) 

b(A) 

c(kJ“A’mor''^) 

B 

10-81 

+3 

0-720 

0-080 

0-0 

0 

16-00 

-2 

1-626 

0-085 

20-0 

K 

39-10 

+  1 

1-595 

0-080 

15-0 

Ca 

40-08 

+2 

1-414 

0-080 

10-0 

A  cubic  basic  cell  was  assumed  for  all  the  MD  simulations.  The  number  of 
atoms  within  the  basic  cell  was  750  (B:240,  0:420,  K:60,  Ca:30)  for  CaO- 
K2O-4B2O3  and  810  (B:288,  0:468,  K:36,  Ca:18)  for  CaO-K20-8B203.The 
time  increment  At  was  chosen  as  2-5x1 0“'=  s,  and  was  sufficiently  short  to  satisfy 
the  conditions  of  energy  conservation.  In  evaluating  the  potential  energy  and 
force,  the  Coulombic  term  was  calculated  at  each  time  step  by  application  of 
the  Ewald  method. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  XAFS  spectra  at  the  Ca  and  KA-edges  for  Ca0-K20- 
B2O3  glass  system  and  CaO,  Ca(B02)2  or  K2CO3  crystals.  These  spectra  have 
few  distinct  FXAFS  features  because  of  the  random  structure  of  glass  simi¬ 
lar  to  that  of  silicate  glass  [11].  However,  XAFS  spectra  obtained  in  this 
study  show  enough  quality  to  determine  the  structure  around  Ca^'^  and 
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Fig.  1.  K  and  Ca  X-edge  XAFS  spectra  of  Ca0-K20-B203  glass  systems. 


environment. 

Figure  2  shows  k^%(k)  functions  extracted  from  Ca  XAFS  spectra  and  Fig.  3 
shows  radial  structure  functions  obtained  from  fourier  transformation  of  Ca 
k^X(k).  FEFF  is  a  %(k)  simulation  program,  starting  from  atomic  positions 
[12, 13].  These  spectra  suggest  that  the  structures  around  Ca  for  the  CaO-K20- 
B2O3  glasses  are  very  similar  to  each  other.  As  shown  in  Fig.  3,  we  could  not 
observe  a  notable  feature  due  to  the  next  nearest-neighbour  correlation.  This 
result  suggests  that  Ca^^  cations  are  homogeneously  distributed  in  the  B-0 
network.  Radial  structure  functions  about  K  atoms  are  shown  in  Fig.  4. 

The  k^x(k)  spectra  and  radial  structure  functions  about  K  for  the  glasses  are 
also  very  similar  to  each  other.  The  results  of  a  curve-fitting  analysis  are  listed 


Fig.  2.  spectra  about  Ca  of  Fig.  3.  Radial  structure  functions  about  Ca 

Ca0-K20-B203  glass  systems.  of  Ca0-K20-B203  glass  systems. 
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Fig.  4.  Radial  structure  functions  about  K  of  Ca0-K20-B203  glass  systems. 

in  Table  2.  Our  experimental  XAFS  results  agree  approximately  with  the  MD 
simulations  and  X-ray  diffraction,  and  the  structure  of  Ca0-K20-8B203  glass 
obtained  by  the  simulation  is  shown  in  Fig.  5. 


Table  2 

Structure  Parameters  for  the  Short  Range  Order;  Mean  Distances,  ri.j  (A),  Coordination 
Numbers,  Ni.j  (atoms),  and  Debye-Waller  Factor,  Gj.j  (A),  for  Ca0-K20-B203  Glasses 


Glass 

R..,(A) 

(atoms)  Gj.;  (A) 

(Ca0-K20^B203) 

B-O 

1-38 

3-3 

- 

MD 

0-0 

2'38 

4*6 

- 

MD 

K-O 

2-82 

6*6 

0*130 

XAFS 

K-O 

2-72 

7*0 

- 

MD 

Ca-O 

2-37 

7*1 

0*112 

XAFS 

Ca-O 

2-34 

5*8 

MD 

(Ca0-K20-6B203) 

B-O 

1-37 

3*0 

0*134 

XRD 

B-O 

1-48 

4*0 

0*134 

XRD 

0-0 

2-40 

4*0 

0*148 

XRD 

K-O 

2-83 

5*9 

0*082 

XAFS 

Ca-O 

2-38 

7*3 

0*113 

XAFS 

Ca-O 

2-42 

- 

0*152 

XRD 

(CaO-KjO-SBjOj) 

B-O 

1-38 

3*2 

- 

MD 

0-0 

2-40 

4*5 

- 

MD 

K-O 

2*82 

5*2 

0*171 

XAFS 

K-O 

2*74 

6*5 

- 

MD 

Ca-O 

2*45 

6*5 

0*108 

XAFS 

Ca-O 

2*36 

6*4 

_ 

MD 

(Ca0-K20-10B203) 

K-O 

I'll 

60 

0*106 

XAFS 

Ca-O 

2*45 

5*9 

0*071 

XAFS 
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Fig.  5.  Structure  of  CaO-K20-8B203  glass  obtained  from  MD  simulation. 

4.  CONCLUSIONS 

We  conclude  from  the  experiments  described  above  that  the  structures  around 
Ca  and  K  for  Ca0-K20->^B203  glasses  are  very  similar  to  each  other.  The 
mean  Ca-O  and  K-O  distances  are  about  2‘37~2*45  and  2*77~2*83  A,  and  the 
average  coordination  numbers  of  oxygens  for  Ca  or  K  are  about  6,  respec¬ 
tively.  The  XAFS  results  are  in  good  agreement  with  our  MD  simulation  and 
X-ray  diffraction  results. 
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CRYSTALLIZATION  BEHAVIOUR  OF  SOME  GLASSES 
IN  THE  SYSTEMS  Li20-B203  AND  Li20-B203-Al203 


Farouk  A.  KHALIFA  &  Hatem  A.  EL  BATAL 
Glass  Research  Department,  National  Research  Centre, 
Dokki,  Cairo,  Egypt 

Vibrational  and  crystallization  techniques  are  employed  to  investigate  the  struc¬ 
ture  and  sequence  of  crystallization  of  glasses  in  the  systems  Li20-B203  and 
Li20-B203-Al203.  Infrared  spectra  have  been  measured  and  analyzed  in  or¬ 
der  to  elucidate  the  role  of  AI2O3  in  such  glasses.  A  correlation  between  vibra¬ 
tional  groups  and  variation  in  glass  composition  is  made.  X-ray  diffraction 
analysis  was  done  to  investigate  the  crystalline  phases  formed  during  thermal 
treatment  conversion  of  the  glasses  to  their  corresponding  glass-ceramics. 


1.  INTRODUCTION 

The  ability  to  control  crystallization  allows  one  to  utilise  glasses  for  high 
technology  applications  such  as  advanced  ceramics  for  high  temperature  aero¬ 
space  and  automotive  uses  [1],  and  for  optical  data  storage  systems  [2,3].  Of 
particular  importance  in  many  applications  is  the  high  uniformity  of  the  micro¬ 
structure  of  glass  ceramics,  the  absence  of  porosity  and  the  minor  changes  in 
volume  during  the  conversion  of  glass  into  ceramic  [4], 

The  key  to  understanding  glass-ceramic  formation  is  the  knowledge  of  the  ki¬ 
netics  of  crystallization  [5].  This  type  of  knowledge  will  enable  the  glass  scientist 
to  make  better  glass  ceramics,  design  glasses  to  meet  specific  needs,  and  to  make 
novel  glassesL  The  detailed  processes  involved  in  the  formation  of  crystal  nuclei 
and  their  subsequent  growth  are  not  clearly  understood,  even  in  the  simpler  com¬ 
position.  For  the  simpler  composition  it  is  often  not  clear  if  the  nucleation  is  truly 
homogeneous  or  involves  some  form  of  heterogeneous  process.  It  is  the  objective 
of  this  work  to  investigate  the  crystallization  behaviour  of  some  glasses  of  the 
binary  Li20-B203  system  and  the  tematy  Li20-B203-Al203  system,  and  to  reveal 
the  crystal  phase  formed  and  the  variation  of  crystallization  with  glass  composi¬ 
tion.  In  the  course  of  this  investigation,  DTA,  vibrational  spectroscopy  and  con¬ 
trolled  crystallization  techniques  are  employed  to  investigate  the  crystallization 
behaviour  of  this  glass  system  and  also  to  find  out  the  role  of  AI2O3. 

2.  EXPERIMENTAL 

2.1.  Glass  Preparation  and  Infrared  Investigation 

The  binary  and  ternary  glasses  investigated  (Table  1)  were  prepared  by  conven¬ 
tional  glass  making  methods  using  chemically  pure  Li2C03,  H2BO3  and  AI2O3.  The 
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molten  masses  were  subjected  to  normal  annealing  in  a  muffle  furnace  set  at^00°C 
which  was  then  left  to  cool  to  room  temperature  at  a  rate  of  30°C/h.  Infrared  spec¬ 
trophotometry  was  carried  out  on  glass  powder  by  the  KBr  technique  using  a  JASKO 
(JAPAN)  FT/IR-300E  recording  spectrophotometer  in  the  range  200-4000  cm”^ 
The  ratio  of  the  glass  powder  to  KBr  in  the  measured  discs  was  2:200. 

2.2.  X-ray  Investigations 

Identification  of  crystalline  phases  was  carried  out  by  x-ray  diffraction  us¬ 
ing  a  Philips  powder  camera  (type  CPM  9920/05  by  examining  a  fine  powder 
of  the  glasses  before  and  after  thermal  treatment  and  conversion  to  the  corre¬ 
sponding  glass-ceramic  or  crystalline  derivatives.  Cu  Ka  radiation  was  used 
with  a  Ni  filter. 

2.3.  Differential  Thermal  Analysis 

Finely  powdered  glass  samples  were  examined  up  to=800°C  in  a  standard  Perkin- 
Elmer  7  series  Thermal  Analysis  System  Instrument  using  powdered  alumina  as  a 
reference  with  a  heating  rate  of  10°C/min.  The  results  are  illustrated  in  Fig.  1.  The 
data  from  these  exothermic  peaks  were  used  for  further  heat-treatment  regimes 

2.4.  Heat  Treatment 

The  main  objective  in  heat  treatment  is  to  achieve  many  nuclei  growing  to  small 
crystals  It  is  accepted  that  the  investigated  glass  system  can  exhibit  internal  nucleation 
without  the  addition  of  any  nucleating  agents  Inspection  of  Fig.  1  showing  the  DTA 
thermogram,  led  us  to  thermally  heat-treated  the  glass  sample  at  490°C  for  2  h  fol¬ 
lowed  by  raising  the  temperature  to  700°C  and  holding  the  samples  for  another  2  h 
after  which  the  muffle  furnace  was  switched  off  to  cool  to  room  temj^rature  at  a  rate 
of  30®C/h.  This  procedure  is  believed  to  give  satisfactory  glass-ceramic  products 

3.  RESULTS  AND  DISCUSSION 
3.1.  Infrared  Spectra  of  The  Glasses 

Figure  2  depicts  the  infrared  spectra  of  obtained  from  the  Li20-B203  glasses. 
The  spectra  of  the  glasses  are  generally  characterized  by  the  familiar  three 


Table  1 

Composition  of  Glasses  Studies 


Glass  No.  Glass  Composition  (wt  %) 

LijO  B2O3  AI2O3 

1 

5 

95 

2 

7-5 

92-5 

3 

10 

90 

4 

12-5 

87-5 

5 

15 

85 

6 

13 

85 

2 

7 

11 

85 

4 

8 

9 

85 

6 
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Fig.  1.  DTA  thermogram  of  (a)  Li20-B203  glass,  and  (b)  Li20-B203--Al203  glass. 

absorption  regions  observed  and  distinguished  in  various  publications  on  bo¬ 
rate  glasses  [6,7].  The  first  region  is  extending  from  1200  to  1600  cm"^  (due  to 
B-0  stretching  of  BO3  units),  the  second  region  extends  from  800  to  1200  cm" 
^  (due  to  B-O  stretching  of  BO4  units),  the  third  region  lies  around  700  cm"^ 
(due  to  bending  of  B-O-B  linkages  in  the  borate  network).  Also  one  can  ob¬ 
serve  the  far-infrared  spectra  extending  from  200  to  approximately  500  cm"^ 
These  far  infrared  bands  are  assigned  to  the  vibration  of  metal  cations  in  their 
oxygen  sites  [8,9].  The  broad  composite  bands  extending  from  3200  to  3600 
cm"^  are  attributed  with  hydroxyl  or  water  groups  [10,1 1].  However,  Doremus 
et  al  [12,13]  have  divided  the  broad  water  bands  to: 

(a)  Peak  at  2700-3000  cm"^  originating  from  hydrogen  bonding, 

(b)  Peak  at  3200-3500  cm"^  originating  from  molecular  water,  and 

(c)  Peak  at  3600-3750  cm“^  originating  from  SiOH  group. 

It  is  evident  from  numerous  authors  [6, 14, 1 5]  that  the  alkali  oxide/B203  ratio  is 
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an  important  determinant  of  the  borate  glass  structure,  since  both  the  relative 
number  of  3-  and  4“Coordinated  borons  and  the  type  of  groups  present  in 
binary  borates  depend  strongly  on  this  ratio.  The  lithium  borate  glasses  studied 
were  previously  assumed  to  contain  tetraborate  units,  close  to  their  maximum 
concentration  at  higher  Li20  content,  as  well  as  boroxol  and  diborate  groups 
[16].  Krogh-Moe  and  coworkers  [6, 17]  demonstrated  that  remarkable  similarities 
exist  between  the  spectra  of  glassy  and  crystalline  borates,  and  this  was  taken 
to  indicate  the  presence  of  the  same  type  of  borate  group  in  the  glassy  state  as 
in  the  corresponding  crystals. 

Figure  2  further  illustrates  that  increasing  the  Li20  content  causes  a  growth  in 
intensity  in  the  805-1 100  cm“^  region  and  also  the  far  infrared  bands  become  quite 
identifiable.  In  addition,  changes  of  the  relative  intensities  of  the  bands  at  about 
1250-1600  cm“^  are  observed.  Figure  (2)  reveals  that  the  progressive  intensity  in¬ 
crease  of  the  mid-  infrared  envelope  in  the  region  850-1200  cm~^  is  accompanied 
by  the  simultaneous  decrease  of  the  envelope  absorption  intensity  around  1150- 
1600  cm“^  with  increasing  Li20  content.  This  behaviour  is  expected  as  it  indicates 
the  progressive  formation  of  BO4  units  as  it  is  known  that  the  first  region  of  the 
spectrum  comprises  both  diborate  groups  (causing  absorption  around  950-1000 
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Fig.  3.  Infrared  spectra  of  some  ternary  Li20-B203-Al203  glasses. 

cm“^  and  tetraborate  (triborate,  pentaborate)  groups  (exhibiting  absorption  at  880 
and  1050cm“^)[18].  The  band  at '-1 250  cm"^  is  observed  in  pure  B2O3  glass  andstill 
persists  even  with  high  alkali  content  where  no  boroxol  rings  are  assumed  to  be 
present.  This  indicates  that  the  tetraborate  groups  should  also  contribute  to  this 
band  as  well  as  BO3  units  [6].  The  downshift  and  decrease  in  intensity  of  the  band 
at  about  1400  cm~^;  which  is  assigned  to  a  ring  stretching  vibration  [18,19],  is  in¬ 
dicative  that  the  ratio  progressively  decreases  with  alkali  content  until  a 

certain  alkali  oxide  content  is  reached.  Also  the  peak  at  1 120  cm~^  is  assumed[18] 
to  be  related  to  the  formation  of  pyroborate  (B205)'‘"  units. 

Although  Tarte  [20]  and  Kamitsos  et  al  [18]  suspected  that  Li20  can  act  as  a 
network  former  in  certain  glass  compositions  with  high  Li20  content,  it  was  found 
impossible  to  detect  the  presence  of  Li04  tetrahedra  from  the  infrared  spectra. 

Figure  3  illustrates  the  infrared  spectra  of  glasses  in  the  system  Li20-B203  - 
AI2O3.  It  is  obvious  that  the  progressive  introduction  of  AI2O3  results  in  a  sys¬ 
tematic  variation  of  the  infrared  spectra  revealing  broad  bands  which  loose 
their  sharpness  especially  in  the  mid  region  of  the  spectra  studied.  The  enve¬ 
lope  absorption  at  850-1250  cm“^  becomes  the  second  in  intensity.  The  band  at 
about  700  cm“^  evidently  becomes  more  prominent  with  AI2O3  content  while 
the  far-infrared  at  450-500  cm“^  is  hardly  identified.  The  near-infrared  absorp- 
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tion  at  3200-3600  cm"^  is  still  retained  but  with  less  intensity.  The  effect  of 
AI2O3  on  the  absorption  spectra  can  be  explained  by  considering  the  role  of 
alumina  in  glasses.  AI2O3  by  itself  cannot  form  a  glass.  However,  it  is  known 
that  the  replacement  of  a  silicon  by  an  aluminium  ion  in  a  silicate  glass  struc¬ 
ture  allows  the  network  to  maintain  its  stable  polymerized  3-dimensional  struc¬ 
ture  while  accommodating  one  singly  charged  cation  [21].  The  radius  ratio  for 
aluminium  and  oxygen  is  043,  a  value  that  permits  aluminium  to  assume  ei¬ 
ther  a  4  -  or  6-coordinated  state  [22].  A  single  positive  charge  is  required  to 
maintain  electrical  neutrality  each  time  a  (A104)^  tetrahedron  is  formed.  In 
boroaluminate  glasses  containing  alkali  or  alkaline  earth  modifier  ions, 
and  AP'^  compete  for  tetrahedral  sites,  with  most  going  to  AP"^  [23]. 

Therefore,  it  is  expected  that  introducing  AI2O3  into  the  lithium  borate  glass 
studied  will  initiate  the  presence  of  BO3  groups  since  AI2O3  needs  the  oxygen 
ions  available  from  Li20  to  share  as  (A104)^"  groups  in  the  glass  network,  with 
Lr  in  neighbourhood  positions  to  maintain  electrical  neutrality.  This  explains 
the  observed  increase  of  the  absorption  bands  related  to  BO3  units.  Also,  the 
observed  diminution  of  the  far  infrared  bands  can  be  related  to  vibrations  of 
Li"^  cations  due  to  the  tightening  of  the  alkali  cations  in  positions  close  to  the 
(A104)^"  groups  formed.  It  appears  possible  that  some  of  the  absorption  bands 
are  explained  by  the  presence  of  mixed  B-O-Al  bridges  or  Al-O-Al  bridges 
or  the  aluminium-oxygen  stretching  vibration  of  AIO4  tetrahedra.  These  group¬ 
ings  are  responsible  for  the  Raman  bands  at  about  500,  500  and  710  cm“^  as 
observed  by  McMillan  et  al  [24,25]. 

3.2.  Vibrational  Spectra  of  Crystalline  Glass-Ceramics 

Figure  4  illustrates  the  infrared  spectra  of  the  fully  crystallized  glass-ceramic 
products.  It  is  observed  that  the  mid  and  far-infrared  absorption  bands  are  highly 
resolved  with  sharp  peaks  with  increasing  AI2O3  content.  The  near-infrared  bands 
at  3200-3600  cm"^  are  highly  diminished  and  are  replaced  by  a  low-intense  ex¬ 
tended  broad  band.  The  envelope  extending  from  1250-1600  cm"^  assumes  the 
high  prominent  peaks.  Also  one  can  observe  the  reappearance  of  a  near-infra¬ 
red  band  at  about  460  cm"^ 

Almost  all  of  the  same  absorption  bands  were  detected  in  the  crystalline 
glass-ceramic  of  the  previously  studied  glasses.  It  is  interesting  to  note  that  no 
new  bands,  other  than  those  attributable  to  borate  species  and  the  possible 
presence  of  Al-bearing  phases  are  present.  For  convenience,  the  IR  assign¬ 
ments  have  been  collected  in  Table  2. 

The  reason  for  the  reappearance  of  the  near-infrared  bands  due  to  Li+  cati¬ 
ons  at  ^^460  cm"^  with  high-alumina  glass-ceramics  (Fig.  4)  is  that  it  can  be 
assumed  that  the  crystallization  process  might  result  in  separate  crystalline 
phases  including  different  lithium  metaborate  polymorphs  and  possibly  other 
separate  Al-containing  phases.  These  Li-containing  phases  might  have  the  free¬ 
dom  to  vibrate  independently  thus  exhibiting  the  far-infrared  band  again  after 
crystallization. 
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Fig.  4.  Infrared  spectra  of  heat  treated  glass-ceramics  of  the  Li20-B203-Al203  system. 

Tarte  [26]  believed  that  the  complexity  of  the  structure  of  lithium  aluminate 
might  be  due  to  the  possibility  of  vibrational  interaction  and  the  occurrence  of 
both  cations  (Li  and  Al)  on  both  types  of  crystallographic  sites  (tetrahedral  and 


Table  2 

Assignment  of  the  Infrared  Bands  Present  in  the  Spectra  of  Li20-B203-Al203  Glasses 


Peak  Pbsition  (cm~^)  Assignment 


1420-1550 

1350-1400 

1250 

1225-1270 


900-1000 

880 

760-770 

690-730 


BO3  Stretching 
B-O-bonds 

B-O  vibration  of  various  borate  rings 
boroxol  rings,  tri-,  tetra-  and  pentaborate  groups 
pyro  -  and  orthoborate  units 
BO4  stretching 

tri-,  tetra-  and  pentaborate  groups 
diborate  groups 

tri-,  tetra-  and  pentaborate  groups 
B-O-B  bending 

oxygen  bridges  between  one  tetrahedral  and  one  trigonal  boron  atom 
oxygen  bridges  between  two  trigonal  boron  atoms 
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Position  (cm  9 

Assignment 

396  496 

A104-Li04  lattice 

mixed  frequencies 

520,  656  ^  884 

AIO4  stretching 

All  previous  studies  have  assumed  that  aluminium  can  exist  solely  as  AIO4 
tetrahedra  and  AlOg  octahedra.  However,  recent  Magic  Angle  Spinning  NMR 
Studies  [27]  indicate  that  5-fold  coordinated  aluminium  could  exist  in  CaO- 
B203~Al203  glasses.  Highly  polarising  cations  (e.g.  Mg)  initiate  the  presence  of 
Al(5)  and,  in  our  opinion,  further  work  is  needed  to  include  the  possibility  of 
the  presence  of  5-fold  coordinated  A1  and  its  possible  effect  on  the  infrared 
absorption  spectrum. 

The  infrared  absorption  spectra  of  lithium  borate  glasses  appear  more  com¬ 
plex  due  to  their  extensively  overlapping  bands  [28].  Recent  Studies  [29-31] 
have  shown  that  some  glasses  reveal  structural  characteristics  that  are  very 
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different  from  their  corresponding  crystals  Specifically,  the  discrepancy  of  the 
results  obtained  from  the  infrared  spectra  of  lithium  borate  glasses  comes  from 
the  presence  of  lithium  metaborate  in  three  possible  polymorphs  (a-,  p-  and  y- 
LiB02)  which  undergo  isomerization,  transformation  and  bond  rearrangements 
depending  on  thermal  history  and  the  nature  of  the  charge-balancing  cation 
[31,32]. 

Recent  crystallization  studies  of  lithium  borate  glasses  were  performed  by 
Ay  din  et  al  [33].  Their  results  indicate  that,  in  the  high  temperature  regime, 
only  the  diborate  and  metaborate  phases  formed  for  all  isothermal  heating 
times  investigated.  For  the  diborate  phase,  the  measured  intensity  ratio  (I)  and 
d  values  were  always  found  in  acceptable  agreement  with  the  reported  XRD 
file  data  for  lithium  diborate  phases.  However,  the  measured  d  values  for  the 
metaborate  phase  were  close  to  the  reported  values,  but  the  I  ratios  varied.  It 
was  concluded  by  the  same  authors  [33]  that,  when  the  glasses  were  heated, 
crystallites  of  both  metaborate  and  diborate  were  observed.  The  metaborate 
phase  was  suggested  to  nucleate  at  the  air-glass  interface  away  from  the  con¬ 
tainer  with  a  possibility  that  at  least  a  small  amount  of  diborate  phase  formed 
first  when  the  glass  was  heated  at  high  temperature. 

Our  diffraction  studies  (Fig.  5)  indicate  that  the  main  phases  in  the  glass- 
ceramics  studied  are  tetraborate  Li2BgOi3  (Li20.4B203)  card  index  16-200, 
lithium  metaborate  of  two  polymorphs  card  index  20-619  and  Li-537  and  traces 
of  triborate.  Increasing  the  AI2O3  content,  initiates  the  formation  of  more  of 
the  tetraborate  phase. 

CONCLUSIONS 

Phases  crystallized  from  Li20.B203  and  Li20.B203.Al203  glass  systems  are 
identified  by  X-ray  diffraction  and  infrared  techniques 
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New  data  are  reported  on  the  formation,  structure  and  properties  of  binary 
CoB  and  multicomponent  CoFeNiCrMbSiB  amorphous  alloys.  Their  struc¬ 
tural  peculiarities  and  the  problems  associated  with  the  melting  of  the  ini¬ 
tial  cobalt-based  alloy  ingots  in  an  air  atmosphere  are  discussed.  It  is  pointed 
out  that  cobalt  metaborate,  C0B2O4,  and  glassy  B2O3  have  an  harmful  influ¬ 
ence  on  the  quality  of  the  rapidly  quenched  ribbon. 


1.  INTRODUCTION 

The  distinguishing  features  of  amorphous  metallic  alloys  having  a  high  con¬ 
tent  of  cobalt  are  almost  zero  magnetostriction,  high  magnetic  penetrability 
and  low  coercive  force.  As  a  result,  magnetically  soft  alloys  based  on  cobalt  are 
of  great  interest  for  producing  transformers  of  various  types  [1]. 

To  convert  a  high  cobalt  alloy  into  a  glass-like  state,  it  is  necessary  to  make 
additions  in  the  form  of  metalloids.  One  of  the  most  widely  used  metalloids, 
added  to  the  metallic  base  of  an  alloy,  is  boron.  When  the  content  of  boron  is 
between  13  and  25  at.%,  there  is  an  anomalous  improvement  in  the  mechani¬ 
cal  properties  and  magnetic  characteristics  of  the  alloy. 

An  important  method  of  obtaining  glassy  alloys  (metal  glasses)  is  by  rapid 
melt  quenching  (>10^  K/s)  on  to  a  rapidly  rotating  drum  (melt  spinning).  In 
the  course  of  this  process  a  fine  tape  (20-25  mm)  is  formed.  The  stability  of  the 
amorphous  structure  of  the  tapes  obtained  greatly  depends  on  the  structural 
state  of  the  ingots  and  on  the  method  of  production.  The  most  economical 
method  of  ingot  production  is  by  melting  the  mixture  in  the  open  air.  Experi¬ 
ments  have  shown  that,  in  this  case,  oxides,  such  as  B2O3,  C0B2O4  and  C03O4 
are  sure  to  appear  in  the  form  of  crystalline  inclusions  and  coatings.  The  method 
of  producing  Coi.^B^  metallic  glasses  and  phases  of  the  Co58Fe5NiioMo2oSii3Bi2 
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Fig.  1.  Diffraction  pattern  for  a  rapidly  Fig.  2.  Phase  diagram  for  the  Co-B  system, 

quenched  tape  of  C080B20  alloy 
(Co  Ka  radiation). 

type  is  by  superheating  of  the  melt  up  to  400-450  K,  holding  at  this  tempera¬ 
ture  for  5  min,  reducing  the  temperature  to  the  point  characterised  by  a  sharp 
change  of  the  melt  viscosity  and  then  finally  spinning.  Superheating  causes 
the  disintegration  of  crystal-like  clusters  and  a  more  homogeneous  state  of 
the  liquid  metal.  With  the  usual  method  of  the  melt  spinning  on  to  a  rotating 
disc  (superheating  140-160  K),  the  tape  of  CogoBao  alloy  obtained  is  character¬ 
ised  by  the  presence  of  a  micro-crystalline  phase,  close  to  cobalt  with  a  face- 
centered  lattice  (Fig.  1). 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Ingots  were  obtained  with  three  compositions:  C084B16  (eutectic  composi¬ 
tion  -  cf.  Fig.  2),  C080B20  and  C077B23.  Typical  diffraction  patterns  for  C077B23 
and  C080B20  are  given  in  Figs.  3  and  4.  It  is  clear  that  the  compositions  of  the 
melts  discussed  differ  in  the  type  of  oxide  phases.  In  the  alloy  C077B23,  boron 
oxide,  B2O3,  and  C0B2O4  are  macroscopic  glass-like  inclusions  of  high  hard¬ 
ness  (Hp  >25000  MPa)  while,  in  ingots  of  C083B17  and  C080B20,  there  appear 
easily  subliming  fine  oxide  coatings  of  compositions  B7O  and  B2O3  (Fig.  4). 


C02B 


00  56  52  48  44  40  36  20 

Fig.  3.  Diffraction  pattern  for  a  C077B23  alloy  ingot. 
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Fig.  4.  Diffraction  pattern  for  a  C080B20  alloy  ingot. 


This  is  why  the  final  tape  from  these  ingots  does  not  contain  boron  oxide.  To 
all  appearances,  highly  defective  crystalline  B2O3  [2]  forms  a  thin  coating  on 
the  ingot  surface.  Such  conditions  are  more  often  realised  in  an  oxygen  defi¬ 
cient  atmosphere,  e.g.  in  a  weak  argon/air  current. 

Attention  is  drawn  to  the  fact  that  it  was  impossible  to  obtain  tapes  from 
the  ingots  with  inclusions  of  B2O3  and  C0B2O4.  The  reason  is  believed  to  be 
high  ingot  inhomogeneity,  due  to  the  formation  of  boron  oxide  particles  in  the 
melt.  In  the  case  of  the  replacement  of  part  of  the  boron  atoms  by  silicon 
atoms,  and  of  the  cobalt  atoms  by  Fe,  Ni  and  Mo  atoms,  a  considerable  change 
in  the  phase  composition  of  the  ingot  and  the  magnetic  properties  takes  place. 

In  Figs.  5,6  the  results  of  Curie  temperature  (TJ  and  differential  thermal 
analysis  (DTA)  measurements  are  given  for  the  magnetically  soft  alloy  tapes.  It 
is  seen  that  T^  for  the  cobalt-based  alloys  noticeably  increases  with  increasing 
boron  concentration.  The  C080B20  alloy  has  the  highest  Curie  temperature.  The 
crystallisation  of  the  Co66Fe5Ni4Cri.5Moo.5Sii3Bio  alloy,  according  to  the  DTA 
data,  has  two  stages,  while  for  the  other  alloys  (Fig.  6)  there  is  one  exothermic 
minimum  marking  the  beginning  of  the  disintegration  of  the  amorphous  struc- 


Fig.  5.  Dependence  of  magnetization  on 
temperature  for  amorphous  tapes  of  the 
following  alloys: 

(1)  CoeeFesN^Cri  sMoo^SiisBio;  (2) 
Co64Fe5Ni4  Cri-sMoo-sSiisBiz;  and  (3)  CogoB2o< 


Fig.  6.  DTA  curves  for  amorphous  tapes  of 
the  following  alloys: 

(1)  C080B20I  (2)  CoeeFesNuCri-sMoo-sSinBio; 
and  (3)  Co64Fe5Ni4Cri.5Moo-5Sii3Bi2. 


486 


Proc.  Second  Int.  Conf.  on  Borates  Glasses,  Crystals  and  Melts 


Bm,Tl  Br/Bm 
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Fig.  7.  Characteristics  of  the  hysteresis  loop  for  a  rapidly  quenched 
Co64Fe5Ni4Cri.5Moi.5Sii3Bi2  alloy  as  a  function  of  the  annealing  time,  t,  at  a  temperature  of 
690  K:  (1)  maximum  induction  in  a  field  2300  A/m;  (2)  the  same  in  a  field  230  A/m; 
and  (3)  the  ratio  BJBm  in  a  field  of  2300  A/m. 

ture.  X-ray  analysis  of  the  phase  composition  at  the  temperature  Tj  showed 
the  emergence  of  cobalt  crystals  having  a  face-centered  cubic  lattice,  while  at 
T2  there  was  also  the  formation  of  crystalline  phases  such  as  Co2Si  and  Co 
with  a  hexagonal  lattice  structure. 

The  magnetic  properties  were  studied,  using  samples  of  the  amorphous  tapes 
of  dimension  15x2-5  mm,  in  magnetic  fields  of  230  and  2300  A/m  at  a  fre¬ 
quency  of  1400  Hz.  The  thermomagnetic  treatment  of  the  alloys  under  study 
took  place  in  a  vacuum  furnace  with  a  residual  pressure  of  0- 1  kPa.  The  data 

Bm,Tl 
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Fig.  8.  Magnetic  properties  for  rapidly  quenched  CoeeFesNuCri-sMoo-sSinBio  alloy. 
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Fig.  9.  Magnetization  curves  for  rapidly  quenched  alloys:  (1)  Co64Fe5Ni4Cri.5Moo-5Sii3Bi2  and 

(2)  CoeeFesNuCri-sMoo-sSinBio. 


obtained  are  shown  in  Figs.  8  and  9. 

From  the  results  given,  it  follows  that  the  alloy  Co66Fe5Ni4Cri.5Moo.5Sii3Bio 
has  a  high  maximum  induction  in  large  fields  (2300  A/m).  However,  while  on 
annealing  at  the  relevant  temperature  Bn,  sharply  decreases,  the  magnetic  char¬ 
acteristics  of  the  Co64Fe5NiioMo2Sii3Bi2  alloy  are  the  most  stable.  Specifically, 
the  ratio  for  the  hysteresis  loop  in  this  alloy  grows  monotonically  up  to 
value  of  0*6.  The  maximum  induction  in  a  field  of  230  A/m  also  increases 
compared  to  the  Co66Fe5Ni4Cri.5Moo.5Sii3Bio  alloy  (see  Figs.  8  and  9). 

3.  CONCLUSIONS 

On  the  basis  of  the  present  research,  the  following  conclusions  can  be  drawn: 

1.  While  melting  in  a  highly  oxidising  atmosphere  crystalline  phases  of  B2O3 
and  C0B2O4  appear  in  C077B23,  reducing  the  viscosity  of  the  melt.  A  reduction 
of  the  boron  content  to  17  at.%  excludes  the  formation  of  B2O3,  owing  to  the 
primary  formation  of  boron  oxides  such  as  B7O  which  do  not  prevent  the 
process  of  melt  spinning. 

2.  It  is  shown  that,  at  the  first  stage  of  the  structural  relaxation  of  the 
amorphous  alloy  the  emergence  of  a  dispersible  crystalline  phase  occurs  in  the 
form  of  cobalt  with  a  face-centered  cubic  lattice.  During  the  second  stage, 
crystals  emerge  from  the  remaining  amorphous  matrix,  which  contain 
metalloids,  e.g.  Co2Si  and  Co  having  a  hexagonal  lattice  structure. 

3.  The  Curie  temperature  of  the  boron-containing  alloy  (>20  at.%)  is  high 
(~750  K),  while  T^  for  the  multicomponent  alloys  containing  boron  (10  and 
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12at.%)  is  lower  (525  K  and  575  K).  The  temperature  for  the  beginning  of  the 
alloy  crystallisation,  Ti,  is  250  K  higher  than  the  Curie  temperature.  This  effect 
does  not  occur  with  the  other  alloys. 

4.  The  high  magnetic  induction  of  the  CoggPesN^Cr^sMoo  sSiisBio  rapidly 
quenched  alloy  ribbon  is  characterised  by  a  low  stability  to  thermal  annealing. 
This  is  shown  by  a  sharp  fall  of  will  increasing  annealing  time. 
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The  ability  to  form  apatite  was  examined  under  in  vitro  conditions  for  calcium 
and  sodium  borosilicate  glasses  by  the  use  of  a  simulated  body  fluid,  Kokubo 
solution.  50CaO.5B2O3.45SiO2  glass  was  found  to  be  most  bioactive,  deposit¬ 
ing  apatite  for  less  than  one  day  soaking  in  the  fluid.  This  was  attributed  to 
the  substitution  of  B-0  bonds  susceptible  to  water  corrosion  for  Si-0  bonds 
in  50Ca0.50Si02  glass.  The  superior  bioactivity  of  the  calcium  glasses  to  the 
sodium  glasses  was  attributed  to  the  existence  of  calcium  ions  in  the  vicinity 
of  silanol  groups  in  hydrated  silica  gel  formed  on  the  surface  in  the  fluid. 
From  ^^Si  MAS  NMR  analysis  the  best  bioactivity  of  30Na20.20B203.50Si02 
in  the  sodium  glasses  examined  was  attributed  to  the  presence  of  the  largest 
fraction  of  Si  atoms  bonding  to  two  bridging  oxygen  atoms. 


1.  INTRODUCTION 

Bone-bonding  ability  is  characteristic  of  bioactive  glasses  and  glass  ceram¬ 
ics.  The  first  bioactive  glass,  Bioglass®,  was  announced  by  Hench  et  al.  [1,  2]  in 
the  system  Na20-Ca0-P205-Si02  on  which  an  apatite  layer  was  deposited 
when  implanted  in  a  mammal  body.  Kokubo,  Ohtsuki  and  coworkers  pointed 
out  [3,  4]  that  the  ability  of  apatite  layer  deposition  on  the  surface  was  essen¬ 
tial  for  the  bone-bonding  behavior.  They  also  showed  [5]  that:  (1)  the  apatite 
was  formed  on  binary  calcium  silicate  glasses  free  of  phosphorus  pentoxide; 
(2)  the  hydrated  silica  gel  layer  induced  apatite  nucleation;  and  (3)  the  calcium 
ions  released  out  of  the  glasses  enhanced  the  degree  of  supersaturation  for 
apatite.  Those  surface  reactions  may  be  expressed  by  eqs.  (1)  through  (3). 

[Si-0-]2Ca  +  2H2O  2Si-OH  +  Ca'^  +  20H-  (1) 

Si-O-Si  +  OH-  ^  Si-OH  +  Si-O"  (2) 

lOCa'^  +  6POr  +  20H-  Caio(P04)6(OH)2  (3) 

Recently  Ohtsuki  et  al  [6]  indicated  that  as  little  as  1  or  2  mol%  of  alumina  or 
titanium  oxide  added  to  a  binary  calcium  silicate  glass  of  composition 
50Ca0.50Si02  suppressed  the  bioactivity  of  the  mother  glass.  One  can  account 
for  the  results  as  showing  that  those  oxides  prohibit  the  surface  reactions  (eqs. 
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(1)  and  (2)).  Thus,  one  may  consider  that  if  they  are  the  first  steps  toward  the 
bioactivity,  then  the  introduction  of  a  network  former  that  is  susceptible  to 
attack  by  water  molecules  leads  to  better  bioactivity.  Boron  oxide  is  an 
important  ingredient  in  glass  and  may  reduce  chemical  durability  depending 
on  the  constitution  of  the  glass. 

In  the  present  experiment  we  examined  the  effect  of  boron  oxide  on  the  abil¬ 
ity  of  apatite  formation,  i.e.  bioactivity,  of  the  glasses  in  the  ternary  system  Na20- 
B203-Si02  and  Ca0-B203-Si02.  The  difference  in  bioactivity  between  those  two 
systems  is  compared  and  correlated  to  the  borosilicate  network  structure. 

2.  EXPERIMENTAL 

Glasses  in  the  sodium  and  calcium  borosilicate  systems  were  prepared  by 
the  melt-quench  process,  with  batches  of  the  appropriate  mixtures  of  Na2C03, 
CaC03,  B2O3  and  Si02,  by  the  use  of  an  electric  furnace  and  a  platinum  cruci¬ 
ble.  They  were  annealed  for  30  min  near  Tg  derived  from  thermal  expansion 
diagrams.  A  simulated  body  fluid  (Kokubo  solution)  was  prepared  as  described 
in  the  literature  [3-6]  that  with  an  inorganic  ion  composition  (Na"^:  142*0,  K^: 
5  0,  Mg'":  1*5,  Ca'":  2*5,  CT:  147*8,  HCO3-:  4*2,  HPO4'-:  1*0,  SO4'-:  0*5  (in  10'' 
mol/1))  similar  to  that  of  human  blood  plasma.  The  solution  was  kept  at  7*2  in 
pH  with  HCl  and  trishydroxymethylaminomethane.  It  well  reproduces  in  vivo 
reactions  of  materials  under  in  vitro  conditions  [7].  Mirror  polished  glass  plates 
of  15x lOx  1  mm'  in  size  were  soaked  in  the  Kokubo  solution  at  36*5®C  for  up 
to  30  days.  Surface  reactions  were  monitored  by  thin-film  X-ray  diffraction 
(TF-XRD,  Cu-Ka),  Fourier  transform  infrared  (FT-IR)  reflection  spectros¬ 
copy,  and  scanning  electron  micrograph  (SEM).  The  concentration  of  inor¬ 
ganic  ions  in  the  Kokubo  solution  was  measured  by  inductively  coupled  plasma 
spectrophotometry  (ICP).  '^Si  MAS  NMR  spectra  were  measured  of  a  series 
of  glasses  xNa20.(50-x)B203.50Si02:  we  employed  a  JEOL  JNM-GX400  FT- 
NMR  spectrometer  (9*4  T)  with  a  6  kHz  sample  spinning;  5  ps  pulses  of  the 
resonance  frequency  79*3  MHz  were  irradiated  with  2*5  s  recycle  delays  and 
17*4  ps  dead  time.  The  signals  of  360  pulses  were  accumulated.  Polydimethyl 
silane  (5=--34*0  ppm  against  TMS:  5=0*0  ppm)  was  used  as  the  secondary 
external  reference  to  obtain  the  '^Si  chemical  shifts  where  5  denotes  the  iso¬ 
tropic  chemical  shift. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Bioactivity  of  Glasses  in  the  System  Na20-  and  Ca0-B205-Si02 

Figure  1  shows  the  TF-XRD  patterns  of  selected  glasses  in  the  sodium  boro¬ 
silicate  systems  after  the  soaking  in  the  Kokubo  solution  for  various  periods. 
Here,  the  glass  composition  is  presented  in  a  form  like  20Na30B50Si  for 
20Na20.30B203.50Si02.  The  diffraction  patterns  for  a  specimen  without  soak¬ 
ing  are  denoted  as  “Od”.  The  diffraction  peaks  at  about  26°  and  32°  in  20  are 
due  respectively  to  (002)  and  an  envelope  of  (211),  (112)  and  (300)  of  apatite 
(JCPDS  9-432).  Introduction  of  20  mol%  B2O3  caused  the  glass  most  bioactive 
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20  /  deg. 

Fig.  1.  Thin-film  X-ray  diffraction  patterns  of  the  surfaces  of  some  of  the  Na20-B203-Si02 
glasses  soaked  in  the  Kokubo  solution  for  various  periods.  O:  Apatite 


among  the  series  indicated,  and  apatite  was  deposited  in  14  days  of  soaking 
(induction  period).  25Na25B50Si  glass  needed  30  days,  and  the  other  two  glasses 
did  not  deposit  apatite  in  30  days.  Figure  2  shows  the  FT-IR  reflection  spectra 
for  the  same  series  of  glasses.  The  500  cm“^  peak  is  due  to  a  5(Si-0)  mode, 
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Fig.  2.  Fourier  transform  infrared  reflection  spectra  of  the  surfaces  of  some  of  the 
Na20-B203~Si02  glasses  soaked  in  the  Kokubo  solution  for  various  periods. 

O:  Apatite,  V:  Si-O  stretching  vibration,  ■:  P-O  bending  vibration. 
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Fig.  3.  Compositional  dependence  of 
apatite  formation  on  the  surface  of  glasses 
in  the  system  Na20-B203-Si02  in  the 
Kokubo  solution. 

Induction  periods  ;  A:  14  days,  <>:  30  days, 
X:  no  formation 


Fig.  4.  Compositional  dependence  of 
apatite  formation  on  the  surface  of  glasses 
in  the  system  Ca0-B203“Si02  in  the 
Kokubo  solution. 

Induction  periods  ;  O:  6  h,  □:  1  day, 

A:  14  days,  x:  no  formation 


while  those  at  1100  and  1250  cm“^  are  attributed  to  optical  v(Si-O)  modes 
[2,5,8].  The  IR  peaks  due  to  P-0  appeared  at  about  560  and  610  cm'^  (5(P-0) 
modes)  and  at  about  1060  and  1130  cm“^  (v(P-O)  modes).  The  increase  in 
intensities  of  these  peaks  coresponds  to  apatite  formation.  In  the  IR  spectra 
for  the  glasses  irrespective  of  apatite  forming  ability  the  v(Si-O)  peak  at  1250 
cm"^  appeared  in  1  day.  This  is  accounted  for  by  formation  of  a  hydrated  silica 
gel  layer  on  the  glasses  before  the  apatite  formation.  It  is  noted  that  the  silica 
gel  layer  formed  in  1  day  for  all  the  glasses,  as  found  for  50Ca0.50Si02  [5,6], 
but  it  took  a  much  longer  time  (longer  induction  period)  for  apatite  to  appear. 
Similar  examinations  were  carried  out  for  all  the  glasses  prepared  and  the  in¬ 
duction  period  of  the  apatite  formation  is  plotted  in  Fig.  3.  Here  it  was  con¬ 
firmed  was  that  only  a  limited  number  of  glasses  were  bioactive  and  the 
induction  period  depended  on  composition. 

The  calcium  borosilicate  glasses  were  different  from  the  sodium  borosilicate 
glasses  in  bioactivity.  The  apatite  formation  ability  was  examined  by  the  same 
techniques,  and  the  induction  periods  are  summarized  in  Fig.  4.  It  is  noted  that: 
(1)  most  calcium  borosilicate  glasses  were  bioactive  except  those  of  lesser  Si02 
content,  and  (2)  they  had  shorter  induction  period  than  the  sodium  glasses,  even 
shorter  (~6  h)  for  a  glass  50Ca5B45Si  than  that  (1  day)  for  50Ca50Si  glass. 


3.2.  The  Effects  of  Calcium  Ions  Dissolved  into  the  Kokubo  Solution 

The  shorter  induction  period  for  50Ca5B45Si  than  for  50Ca50Si  suggests 
that  substitution  of  water-corrosive  B-0  bonds  for  Si-0  bonds  stimulates  the 
dissolution  of  glass  and  release  of  Ca^"^  ions  into  the  Kokubo  solution  and 
hence  favours  the  apatite  deposition  by  increasing  the  degree  of  supersatura- 
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Fig.  5.  Changes  in  ionic  activity  product  of  the  apatite  in  the  Kokubo  solution  with 
immersion  of  CaO-B203-Si02  glasses. 

tion  against  apatite.  The  ionic  activity  product  was  calculated  according  to  eq. 
(3)  for  the  Kokubo  solution  as  used  to  soak  a  series  of  calcium  borosilicate 
glasses,  50Ca0.xB203.(50-x)Si02,  and  a  borate  glass  40Ca0.60B203  [5].  It  is 
plotted  in  Fig.  5  as  a  function  of  the  soaking  period  where  the  glass  composi¬ 
tion  is  denoted  in  the  abbreviated  form.  Since  the  solubility  product  of  apatite 
according  to  eq.  (3)  is  5-5xl0"^^^  for  an  aqueous  solution  at  37°C  the  Kokubo 
solution  is  already  under  supersaturation  [5].  50Ca5B45Si  glass  has  a  greater 
ionic  activity  product  than  50Ca50Si  when  compared  at  6  h.  The  increased 
reactivity  on  the  glass  surface  due  to  the  introduction  of  boron  oxide  is  con¬ 
sistent  with  the  results  of  Hench  &  Wilson  [9]  derived  for  boron  oxide  substi¬ 
tution  in  Bioglass®.  The  silica  free  40Ca60B  glass  showing  the  greatest  product 
forms  no  apatite  because  the  glass  cannot  provide  the  silica  gel  layer  essential 
for  the  apatite  nucleation.  It  follows  that  boron  oxide  substitution  for  silica 
increases  the  bioactivity  as  long  as  the  mother  glass  contains  enough  Si02  for 
the  corroded  surface  to  provide  the  hydrated  silica  gel  required  for  nucleation. 
Thus  one  can  interpret  the  reduced  bioactivity  of  50Ca30B20Si  glass  as  being 
due  to  the  reduced  nucleation  ability  of  the  surface  silica  gel  layer. 

3.3.  The  Origin  of  the  Bioactivity  of  the  Sodium  borosilicate  Glasses 

Figure  6  shows  the  ionic  activity  product  for  selected  sodium  borosilicate 
glasses,  xNa20.(50-x)B203.50Si02  where  the  glasses  are  denoted  like 
40Nal0B50Si  for  x=40.  The  increases  in  ionic  activity  product  with  immersion 
of  the  sodium  glasses  reached  a  similar  magnitude  as  for  the  calcium  glasses.  It 
should  be  noted,  however,  that  sodium  borosilicate  glasses  required  relatively 
long  induction  periods  for  apatite  formation.  The  effect  due  to  the  released  Ca^^ 
ions  does  not  occur  in  the  sodium  borosilicate  glasses  and  therefore,  it  is  consid¬ 
ered  that  the  superior  ability  of  apatite  formation  of  the  calcium  borosilicate 
glasses  is  attributable  to  the  existence  of  calcium  ions  in  the  vicinity  of  silanol 
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Fig.  6.  Changes  in  ionic  activity  product  of  the  apatite  in  the  Kokubo  solution  with 
immersion  of  Na20-B203-Si02  glasses. 

groups  in  the  hydrated  silica  gel  formed  on  the  surface  in  the  fluid. 

It  is  also  apparent  from  Fig.  6  that  the  ionic  activity  product  is  very  similar 
among  the  glasses  with  x=20,  25  and  30,  but  that  for  x=40  is  quite  different  to 
the  others.  Nevertheless,  we  have  found  in  Figs.  1  and  2,  a  greater  difference  in 
their  bioactivity,  i.e.  apatite  formation  ability,:  30Na20B50Si  was  most  bioactive 
followed  by  25Na25B50Si,  whilst  the  others  were  barren  within  30  days.  The 
ionic  activity  product  of  the  sodium  borosilicate  glasses  shows  an  inverse  in 
degree  of  supersaturation  with  respect  to  apatite  due  to  inversed  pH  caused  by 
surface  dissolution  after  the  immersion  of  the  glasses.  However,  this  inverse  in 
ionic  activity  product  does  not  seem  to  influence  the  difference  in  the  induc¬ 
tion  periods  for  apatite  formation.  Thus  the  difference  in  bioactivity  among 
the  sodium  glasses  should  be  attributed  to  their  composition:  if  the  network 
of  a  glass  favours  the  production  of  a  hydrated  silica  gel  layer  appropriate  for 
apatite  nucleation  then  the  glass  exhibits  superior  bioactivity.  Since  50Ca50Si 
glass  and  Bioglass®  which  contains  about  50  mol%  silica  are  typical  glasses 
exhibiting  the  best  bioactivity  one  may  suppose  that  the  metasilicate  type  net¬ 
work  is  appropriate  for  producing  the  hydrated  silica  gel  layer  which  has  apa¬ 
tite  nucleating  ability.  The  chemical  states  of  Si04  tetrahedra  have  thus  been 
examined  by  the  ^^Si  MAS  NMR  technique  for  the  glasses  of  compositions 
xNa20.(50-x)B203.50Si02.  Let  Q”  denote  an  Si  atom  with  n  bridging  oxygen 
neighbours;  a  metasilicate  unit  has  two  bridging  oxygen  atoms  and  is  denoted 
as  a  group.  The  ^^Si  MAS  NMR  spectrum  of  each  glass  shows  an  asymmet¬ 
ric  peak  whose  position  shifts  toward  more  positive  d  (a  high  frequency  or  low 
field  shift)  with  increase  in  x(sodium  oxide  content).  Each  peak  is  deconvo- 
luted  into  two  components.  The  component  peaks  are  located  at  the  isotropic 
chemical  shift  -105,  -94,  -85,  and  -75  in  ppm.  Each  of  them  can  be  as¬ 
signed  to  Q^  and  respectively,  after  Maekawa  et  al  [10]  who  as¬ 
signed  the  signals  with  6=  -105T  -96-0  ppm  to  Q"*,  5=-94.3  — 85  ppm  to 
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Fig.  7.  NMR  determined  fractions  of  Q"  for  glasses  in  the  system  xNa20-(50-x)B203~50Si02. 

-82-9  — 75*5  ppm  to  and  >  -75  ppm  to  We  have  then  assumed  the 
area  of  the  component  peaks  is  proportional  to  the  fraction  of  each  Q""  unit, 
and  have  evaluated  the  fractions  to  plot  in  Fig.  7  as  a  function  of  the  Na20 
content.  The  fraction  of  shows  a  sudden  increase  at  25  mol%  and  reaches  a 
maximum  at  30  mol%.  The  change  in  is  in  good  agreement  with  the  change 
in  bio  activity  of  the  series  of  sodium  boro  silicate  glasses  described  above.  The 
fact  that  40Nal0B50Si  is  barren  though  rich  in  is  interpreted  by  the  greater 
fraction  of  which  favours  vigorous  corrosion  indicated  by  the  largest  ionic 
activity  product  in  Fig.  6. 

4.  CONCLUSIONS 

The  ability  to  form  apatite  was  examined  under  in  vitro  conditions  for  cal¬ 
cium  and  sodium  borosilicate  glasses  by  the  use  of  a  simulated  body  fluid, 
Kokubo  solution,  that  was  kept  at  36'5°C  and  7-2  in  pH.  Almost  all  the  cal¬ 
cium  borosilicate  in  the  vitrifying  range  deposited  apatite  on  the  surface  though 
the  period  of  soaking  leading  to  the  deposition  changed  from  less  then  one 
day  for  50CaO.5B2O3.45SiO2  glass,  one  day  for  B2O3  free  50Ca0.50Si02,  to  7 
days  for  50Ca0.30B203.20Si02.  From  the  ionic  activity  product  for  apatite  pre¬ 
cipitation  (eq.  (3)),  the  better  apatite  forming  ability  achieved  by  substitution 
of  appropriate  amounts  of  B2O3  for  Si02  was  attributed  to  a  greater  suscepti¬ 
bility  of  B-0  bonds  to  water  corrosion.  However,  the  bioactive  sodium  boro¬ 
silicate  glasses  required  a  longer  period  of  soaking  in  the  Kokubo  solution  for 
apatite  formation  to  occur.  The  superior  bioactivity  of  the  calcium  glasses 
compared  to  the  sodium  glasses  was  attributed  to  the  existence  of  calcium 
ions  in  the  vicinity  of  silanol  groups  in  the  hydrated  silica  gel  formed  on  the 
glass  surface  in  the  fluid.  ^^Si  MAS  NMR  analysis  indicated  that  the  best  so¬ 
dium  glass  bioactivity  for  30Na20.20B203.50Si02  resulted  from  the  largest  frac¬ 
tion  of  Si  atoms  bonding  to  two  bridging  oxygen  atoms. 
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The  densities  of  alkali  borate  and  alkali  silicate  glasses  as  a  function  of  compo¬ 
sition  show  similar  trends.  The  origins  of  the  respective  density  trends  are  dis¬ 
tinct  in  each  family.  In  the  alkali  borates  the  density  changes  are  initially  controlled 
by  the  fraction  of  fourfold  coordinated  borons.  This  structural  unit  is  extremely 
dense  in  comparison  with  the  trigonal  boron  groups.  In  the  alkali  silicates  the 
density  is  a  strong  function  of  the  numbers  of  non-bridging  oxygens  on  the 
silica  tetrahedra.  A  useful  way  to  plot  the  borate  data  is  to  compare  the  volume 
per  mole  B2O3  with  the  ratio  of  alkali  to  boron,  denoted  as  R.  In  both  lithium 
and  sodium  borates  this  volume  initially  decreases  due  to  the  coordination  change 
of  boron.  At  higher  alkali  concentrations  non-bridging  oxygens  are  formed  on 
trigonal  borons  at  the  expense  of  tetrahedral  borons  and  the  modified  molar 
volume  increases  linearly.  In  silicate  glasses  the  volume  per  mole  Si02  increases 
with  an  increasing  ratio  of  alkali  oxide  to  silica,  J.  As  J  is  increased,  in  either  the 
lithium  or  sodium  case,  the  modified  molar  volume  increases  linearly.  This  is 
indicative  of  the  conversion  of  bridging  oxygens  into  non-bridging  oxygens 
through  the  addition  of  alkali  oxide. 


1.  INTRODUCTION 

Density  has  been  shown  to  be  a  sensitive  parameter  to  structural  changes 
occurring  in  various  glass  systems  and  including,  specifically,  the  alkali  borates 
and  silicates  [1-4].  For  example,  in  the  lithium  borates  it  is  possible  to  follow 
the  well-known  coordination  change  as  trigonal  borons  are  transformed  into 
tetrahedra  [1].  In  this  paper  comparison  of  the  densities  of  lithium  and  so¬ 
dium  borates  and  silicates  over  an  extraordinarily  wide  range  of  alkali  concen¬ 
trations  are  reported.  It  will  be  shown  that  the  microscopic  origin  of  the  density 
trends  are  different  in  the  borates  and  silicates. 

2.  EXPERIMENTAL  PROCEDURES 
2.1  Glassmaking 

Glass  batches  were  prepared  from  reagent  grade  or  better  silica,  boric  acid, 
and  alkali  carbonates  or  alkali  oxides.  The  glasses  were  made  either  in  plati- 
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num  or  vitreous  carbon  crucibles  (for  glasses  prepared  from  alkali  oxides). 
The  glasses  displayed  increasing  hygroscopicity  with  increasing  alkali  content 
and  water-sensitive  glasses  were  melted  and  subsequently  handled  in  glove  boxes 
under  a  dry  nitrogen  atmosphere. 

The  fusion  took  place  at  1000°C  for  periods  of  about  twenty  minutes.  The 
samples  were  weighed  five  minutes  before  the  end  of  fusion  to  verify  sample 
composition  as  reported  previously  [1-4].  Evidence  for  carbon  dioxide  retention 
is  noted  for  the  sodium  borates  and  silicates  of  high  alkali  concentration  (R>2 
in  the  borates,  J>1*4  in  the  silicates)  prepared  from  carbonates-none  was  ob¬ 
served  in  the  lithium  cases.  This  phenomenon  was  also  observed  previously  [5]; 
however  no  consequent  effects  on  the  physical  properties  were  found.  The  cruci¬ 
ble  was  reheated  and  the  glass  was  formed  either  through  roller  or  plate  quench¬ 
ing,  or  the  outside  bottom  of  the  crucuble  was  briefly  dipped  in  ice-water. 

2.2  Density  measurements 

Density  was  measured  either  by  a  modified  sink-float  method  employing  ac¬ 
etone  and  diiodomethane  or  through  the  use  of  a  micropycnometer  which  used 
helium  as  the  working  gas.  The  experimental  uncertainties  are  estimated  to  be: 
±0’02  and  ±0*03  g/cc  for  the  lithium  and  sodium  borates,  respectively,  and  ±0-01 
g/cc  for  the  lithium  silicates,  and  ±0*02  g/cc  for  the  sodium  silicates.  With  such 
an  uncertainty  small  differences  in  density  due  to  the  variation  in  glass  forma¬ 
tion  cooling  rates  used  in  this  study  fall  within  the  experimental  error. 

2.3  Tg  Measurements 

The  glass  transition  temperature  was  measured  on  a  Perkin-Elmer  DSC-2 
(lithium  borates,  sodium  borates,  and  lithium  silicates)  and  a  Perkin-Elmer 
DSC-7  (sodium  silicates)  each  operating  at  a  scan  rate  of  40  K/min.  Runs  were 
duplicated  and  the  estimated  experimental  uncertainty  is  ±7  K.  Tg  was  taken 
as  the  onset  temperature. 

3.  EXPERIMENTAL  RESULTS 

Table  1  lists  the  densities  measured  in  this  laboratory  for  the  four  systems: 
RLi20.B203,  RNa20.B203,  JLi20.Si02,  and  JNa20.Si02  over  the  ranges 
0-0<R<3*0  and  0-0<J<2-2.  Figures  1  and  2  depict  the  alkali  borate  densities  as 
a  function  of  R  and  the  alkali  silicate  densities  as  a  function  of  J,  respectively. 
Included  in  the  silicate  figure  are  composite  results  reported  by  Bansaal  & 
Doremus  [6]  for  comparison  and  extension  of  the  data  to  the  more  usual  low 
alkali  regime  (J<T0). 

4.  DISCUSSION  OF  THE  RESULTS 
4.1  Review  of  the  Density  Trends 

Figure  1  displays  the  density  trends  of  the  lithium  and  sodium  borates  over 
the  range  R=0-0  to  3*0.  There  is,  in  both  systems,  a  rapid  increase  in  density  as 
alkali  is  initially  added  to  the  glass.  This  is  attributed  to,  primarily,  the  well- 
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known  coordination  change  in  borates  as  added  alkali  oxide  causes  trigonally 
coordinated  borons  to  be  converted  into  tetrahedra  [7].  In  the  lithium  borates 
the  density  reaches  a  maximum  in  the  range  R=0‘5  to  0*8  and  declines  for 
further  addition  of  alkali.  This  additional  trend  is  indicative  of  the  glass  un¬ 
dergoing  a  secondary  coordination  change  as  the  boron  tetrahedra  reconvert 
to  trigonal  borons  with  the  addition  of  one,  two,  and  ultimately  three  non¬ 
bridging  oxygens  per  boron  as  the  glass  forming  range  (employing  rapid  cool- 


Table  1 

Densities  of  RLi20.B203,  RNa20-B203,  JLi20.Si02,  and  JNa20.Si02  Glasses 
Measured  in  this  Laboratory 


R 

Lithium  Borate 
Density  (g/cc) 
(±0-02  g/cc) 

Sodium  Borate 
Density  (g/cc) 
(±0*03  g/cc) 

J 

Lithium  Silicate 
Density  (g/cc) 
(±0*01  g/cc) 

Sodium  Silicate 
Density  (g/cc) 
(±0*02  g/cc) 

000 

1-81 

1*81 

0*05 

1-88 

1*92 

0*20 

2*274 

0-07 

2*00,  2*03 

0*30 

2*297 

OdO 

1-96 

2*04 

0*40 

2*340 

2*46 

015 

2-00 

2*11,2*13 

0*50 

2*355 

0-20 

2'n 

2*14 

0*60 

2*352 

0-25 

2-10 

2*19 

0*75 

2*346,2*358 

0-30 

2-18 

2*25 

0*80 

2*54 

0*40 

2-22 

2*32 

0*90 

2*350 

0-50 

2-27 

2*37 

1*00 

2*344,2*331 

2*56 

0-60 

2-28 

2*37 

1*10 

2*349,2*343 

0*70 

2-28 

2*37,  2*38 

1*20 

2*322 

2*56 

0*80 

2*28 

2*39 

1*25 

2*322 

0-85 

2*37 

1*30 

2*319 

0-90 

2*24 

1*40 

2*50,  2*55 

1-00 

2*23 

1*50 

2*307 

MO 

2*24 

1*60 

2*299 

2*47,  2*51 

1-20 

2*19 

1*75 

2*296 

1-30 

2*18 

2*36 

1*80 

2*291 

2*53 

1*40 

2*18 

2*00 

2*49 

1-50 

2*16 

2*20 

2*49 

1-60 

2*14 

1*70 

2*15 

2*39 

1*80 

2*11 

1-90 

2*09 

2-00 

2*11 

2*39 

2-10 

2*09 

2-20 

2*09 

2*39 

2-30 

2*08 

2-40 

2*08 

2-50 

2*07 

2*38 

2-60 

2*10 

2-70 

2*10 

2*39 

2-75 

2*10 

3-00 

2*39 
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Fig.  1.  The  density  of  lithium  and  sodium  Fig.  2.  The  density  of  lithium  and  sodium 
borate  glasses  as  a  function  of  R.  silicate  glasses  as  a  function  of  J. 


ing)  terminates  near  R=3-0.  In  the  sodium  borate  system,  the  density  levels 
out  near  R=0-5  and  remains  at  a  constant  value  near  2-39  g/cc  for  all  subse¬ 
quent  alkali  additions.  It  is  believed  that  the  origin  of  this  trend  is  similar  to 
that  for  the  lithium  borates  with  the  complicating  factor  that  the  sodium  ion  is 
of  comparable  size  to  the  oxygen;  this  was  not  the  case  for  the  lithium  borates 
where  the  lithium  ion  is  much  smaller  than  oxygen  and  so  contributes  little  to 
volume  changes  in  the  glass.  Evidence  that  there  is  a  common  structural  origin 
in  the  lithium  and  sodium  borate  density  trends  can  be  seen  by  examination  of 
Fig.  3.  This  figure  shows  the  volume  per  mole  boron  oxide,  Vb,  plotted  for  both 
systems  as  a  function  of  R.  As  can  be  seen  in  the  figure  upon  initial  addition 
of  alkali  oxide,  0-0<R<0-4,  this  volume  becomes  smaller.  The  change  is  attrib¬ 
uted  to  network  contraction  due  to  the  three-fold  to  four-fold  coordination 
change.  For  larger  additions  of  alkali  oxide  the  volume  increases  linearly  in 
both  systems,  this  is  thought  to  be  due  to  the  formation  of  non-bridging  oxy¬ 
gens  and  the  reverse  coordination  change  back  to  trigonal  borons. 

Figure  2  presents  the  density  of  lithium  and  sodium  silicates  for  the  compo¬ 
sitional  range  J=0-0  to  2-2,  As  in  the  borates  there  is  an  initial  rapid  increase  in 
density  in  both  systems.  This  is  thought  to  be  due  to  the  incorporation  of 
interstitial  alkali  and  the  formation  of  non-bridging  oxygens  on  the  silica  tet- 
rahedra  (Q4”>Q3-^Q2->Qi^Qo)  [8].  In  both  of  the  silicate  systems  studied  the 
density  reaches  a  maximum,  in  the  lithium  case  near  J=0-5  and  in  the  sodium 
case  at  J~T0.  The  density  declines  in  each  system  upon  further  addition  of 


R 

Fig.  3.  The  volume  per  mole  of  boron  as  a  function  of  R. 
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J 

Fig  4.  The  volume  per  mole  of  silicon  as  a  function  of  X 

alkali  oxide.  This  change  in  trend  is  hypothesized  to  be  the  result  of  the  addi¬ 
tion  of  increasing  numbers  of  non-bridging  oxygens  to  the  silica  tetrahedra. 
As  can  be  seen  in  Fig.  4,  which  is  a  plot  of  the  volume  per  mole  silica  (Vs)  as  a 
function  of  J,  there  is  an  enlargement  at  an  increasing  rate  in  the  volume  of  the  < 
silica  tetrahedra,  with  the  slope  reaching  a  maximum  as  J  nears  2.  This  is  con¬ 
sistent  with  the  structural  model  associated  with  the  alkali  silicates.  Note  that 
there  is  not  an  initial  contraction  of  the  network  as  is  evidenced  in  the  plot  of 
Vb  versus  R  (compare  Figs  3  and  4). 

4.2  Determination  of  Structural  Volumes 

The  work  of  Phil  Bray  and  others  has  led  to  a  series  of  NMR-determined 
quantitative  structural  models  in  the  alkali  borates  [7,9-1 1].  By  associating  the 
density  trends  with  the  changes  in  structure  as  R  is  varied  it  has  been  shown 
possible  to  determine  the  volumes  associated  with  each  of  five  fundamental 
borate  groups  [1,2]  (See  Table  2).  It  is  also  possible  to  determine  volumes  for 
the  silica  tetrahedra  in  both  the  lithium  and  sodium  silicate  systems  through  a 
non-linear  least  squares  analysis  of  the  data  [4].  This  was  done  by  minimizing 
the  sum  of  the  differences  squared  between  model  and  experiment  by  employ¬ 
ing  the  solver  routine  in  Microsoft  Excel  and  allowing  all  volumes  to  vary 
throughout  the  glass  forming  range.  The  standard  measure  of  error 
which  estimates  deviation  between  calculated  and  measured  density  was  deter- 

Table  2 

Borate  Structural  Groups  and  Their  volumes 


Unit 

Composition 

Boron  Coordination 

(NBO)/Boron 

Volume  (in  terms  of  f,  at  R=0) 
Li  Na 

fi 

BO, 5 

3 

0 

0-98 

0-96 

BO2 

4 

0 

0-91 

M9 

f3 

BO2 

3 

1 

1-32 

1-65 

U 

BO25 

3 

2 

1-69 

2-15 

fs 

BO3 

3 

3 

1-95 

2-80 
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Table  3 

Silicate  Structural  Groups  and  Their  Volumes 


Unit  Composition  (NBO)/Silicon  Volume  (in  terms  of  Q4  at  J  =  0) 

Li  Na 


Q4 

Si02 

0 

Q3 

Si02.5 

1 

M7 

1-34 

Q2 

SiOg 

2 

1-41 

L74 

Q, 

Si03.5 

3 

1-67 

2-24 

Qo 

Si04 

4 

1-93 

mined  to  be  0-005  g/cc  for  the  lithium  silicates  and  0-012  g/cc  for  the  sodium 
silicates  using  the  volumes  presented  in  Table  3.  By  comparison  with  ionic 
radii  [2,3,12-14]  it  is  possible  to  calculate  packing  fractions  (filled  space  ratios) 
for  each  of  the  borate  and  silicate  units  and  these  are  displayed  in  Table  4.  It  is 
instructive  to  note  the  high  packing  fraction  of  the  tetrahedral  boron  unit,  ^2- 

Table  4 

Packing  Fractions  for  Borate  and  Silicate  Groups 


Borate  unit 

Packing  fraction 

Silicate  unit 

Packing  fraction 

Li 

Na 

Li 

Na 

f. 

0-34 

0-35 

Q4 

0-32 

0-32 

f2 

0-68 

0-65 

Q3 

0-38 

0-42 

f3 

0-38 

0-41 

Q2 

0-40 

0-46 

f4 

0-40 

0-47 

Qi 

0-41 

0-46 

fs 

0-44 

0-48 

Qo 

0-42 

0-47 

4.3  Further  Discussion  of  Structure  and  Property 

It  also  is  useful  to  plot  the  modified  molar  volumes  Vb  and  Vs  as  a  function 
of  the  total  oxygen  to  anion  ratio,  see  Fig.  5.  The  varying  trends  of  Vb  and  Vs 
make  clear  the  structural  differences  between  the  borates  and  the  silicates.  For 
example,  the  contrast  at  low  R  versus  low  J  is  seen.  In  the  borates  there  is  a 
coordination  change  whereas  in  the  silicates  there  is  not.  Comparison  of  the 


♦  Vb{Li) 

*  Vs(Li) 

.  Vs(Na) 

Vfa(Na) 


Fig.  5.  Vb  and  Vs  as  a  function  of  total  oxygen  per  anion.  The  solid  lines  are  guides  to  the  eye. 
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0  0.5  1  1.5  2  2.5  3 

R 

Fig.  6.  Tg  glass  transition  temperature  of  lithium  and  sodium  borate  glasses  as  a  function  of  R. 

trend  between  the  two  sodium  systems  shows  that  at  high  alkali  content  the 
volume  per  mole  of  boron  rises  above  the  volume  per  mole  silicon.  This  is 
perhaps  due  to  the  volume  enlargement  associated  with  borate  triangles  versus 
that  of  silica  tetrahedra.  The  fact  that  both  borate  and  silicate  volumes,  Vb  and 
Vs,  increase  linearly  in  the  high  alkali  regime  is  supporting  evidence  for  the 
conversion  of  bridging  oxygens  into  non-bridging  oxygens. 

Figures  6  and  7  present  Tg  as  a  function  of  the  respective  alkali  concentra¬ 
tion  parameters  R  and  J  in  the  borates  and  silicates.  These  data  support  the 
fundamental  difference  in  short  range  structure  as  alkali  is  dissolved  in  a  bo¬ 
rate  versus  a  silicate  matrix.  In  the  borates  the  Tg  trend  clearly  reflects  the  rise 
and  decline  of  the  fraction  of  tetrahedral  borons  (See  Fig.  6).  The  mostly 
monotonic  decrease  in  Tg  for  the  alkali  silicates  is  indicative  of  the  lever-rule 
type  conversion  of  the  silica  tetrahedra  from  Q4  through  Qo  as  J  is  varied  from 
0-0  through  2*4  (See  Fig.  7), 


5.  CONCLUSIONS 

The  densities  of  glassy  borates  and  silicates  containing  lithium  and  sodium 
have  been  measured  over  the  widest  compositional  range  reported  to  date  in 
the  literature.  These  data  have  been  compared  with  structural  models  deter- 


Fig.  7.  The  glass  transition  temperature  of  lithium  and  sodium  silicate  glasses  as  a  function  of  J. 

The  solid  lines  are  guides  to  the  eye. 
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mined  principally  from  NMR.  It  is  shown  that  the  microscopic  origins  of  the 
density  trends  differ  for  the  silicates  and  the  borates.  In  the  borates  the  well- 
known  coordination  change  of  the  borons  from  three-fold  to  four-fold  and 
back  to  three-fold  bonding  with  oxygen  is  responsible  for  the  density  trends 
observed  whereas  in  the  silicates  there  is  a  more  straightforward  conversion  of 
bridging  oxygens  on  the  silica  tetrahedra  to  non-bridging  oxygens. 
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A  close  correspondence  has  been  found  between  Di=27t/Qi,  where  Qi  is  the 
position  of  the  first  dilfraction  peak  observed  from  neutron  scattering,  and 
Dd  the  average  distance  between  alkali  ions  calculated  from  the  density  in  a 
series  of  alkali  borate  glasses.  The  separation  between  pairs  of  alkali  ions 
was  found  by  assuming  a  random  distribution  of  alkali  cages.  The  glasses 
studied  include  a  series  of  alkali  borates  at  R=0-4,  where  R  is  the  molar 
ratio  of  the  alkali  oxide  to  boron  oxide,  and  rubidium  and  cesium  borates 
with  increasing  alkali  concentrations  covering  the  range  0-51>R>0Tl.  For 
the  glasses  with  a  constant  alkali  concentration  with  R=0*4,  a  nearly  linear 
relationship  was  found  between  and  Di.  For  the  alkali  dependent  rubid¬ 
ium  and  cesium  borate  glasses,  it  was  found  that,  at  high  modifier  content, 
the  density  determined  distances  are  less  than  the  neutron  distances.  This  is 
interpreted  as  an  indication  of  a  tendency  for  the  alkali  ions  to  cluster.  For 
low  alkali  concentrations  this  trend  is  reversed. 


1.  INTRODUCTION 

In  the  course  of  performing  neutron  diffraction  studies  of  alkali  borate  glasses 
it  has  been  observed  that  the  first  diffraction  peak  appears  to  correlate  well  with 
the  alkali  incorporation  into  the  glass.  It  is  thought  that  the  first  diffraction  peak 
arises  due  to  neutron  diffraction  from  alkali  ions  incorporated  into  adjacent 
network  cages.  If  this  is  the  case  then  the  neutron  determined  separation  dis¬ 
tance  between  pairs  of  alkali  ions,  Di,  would  be  described  by 

Di=2tc/Qi  (1) 

where  Qi  is  the  position  of  the  first  diffraction  peak. 

In  this  paper  the  neutron  determined  alkali  separation  distances  have  been 
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obtained  for  a  number  of  alkali  borate  glasses.  In  addition,  these  distances 
have  been  compared  with  average  separation  lengths  found  from  density  data, 
determined  on  the  basis  of  a  random  distribution  of  the  alkali  ions. 

2.  EXPERIMENTAL  PROCEDURES 

2.1  Glassmaking 

Glass  batches  were  prepared  from  boric  acid  and  alkali  carbonates  or  alkali 
oxides.  The  compositions  are  described  by  R  which  is  the  molar  ratio  of  alkali 
oxide  to  boron  oxide.  Samples  for  neutron  diffraction  experiments  require  bo¬ 
ric  acid  enriched  in  [1]  to  reduce  the  effects  of  the  large  neutron  absorption 
cross  section  for  ^*^3.  Similarly,  the  lithium  borate  sample  required  and  was 
prepared  from  ^Li  enriched  [2]  lithium  carbonate.  In  order  to  minimize  the 
concentration  of  water  in  the  resulting  glass^  the  boric  acid  was  initially  heated 
for  periods  of  several  hours  at  1000°C  to  produce  dry  boron  oxide  glass  and 
the  desired  alkali  borate  glasses  were  then  prepared  using  this  dry  boron  oxide 
glass.  The  glasses  were  made  in  platinum  crucibles  and  were  melted  and  subse¬ 
quently  handled  in  glove  boxes  under  a  dry  nitrogen  atmosphere. 

The  fusion  took  place  at  1000®C  for  periods  of  about  twenty  minutes.  The 
samples  were  weighed  five  minutes  before  the  end  of  heating  to  verify  sample 
composition  as  reported  previously  [3-5],  and  then  reheated  and  plate-quenched. 
The  glasses  were  crushed  to  a  powder  and  sealed  under  nitrogen  in  vanadium 
cans  for  the  neutron  diffraction  experiments. 

2.2  Neutron  diffraction  measurements 

The  neutron  diffraction  experiments  were  performed  on  the  Liquid  and  Amor¬ 
phous  Detector  (LAD)  at  the  Rutherford- Appleton  Laboratory  as  described  pre¬ 
viously  [6].  The  position  of  the  first  diffraction  peak  was  found  by  peak  fitting. 

2.3  Density  measurements 

Density  was  measured  either  by  a  modified  sink-float  method,  which  used 
acetone  and  diiodomethane,  or  through  the  use  of  a  micropycnometer  with 
helium  as  the  working  gas  [3,5,7].  The  experimental  uncertainty  is  ±0-03  g/cc. 


Table  1 

Qi  and  Dj  for  Alkali  Borate  Glasses 


Alkali 

R 

0,  (A-') 

d,(A) 

Li 

0-40 

l-496±0-003 

4-20±0'01 

Na 

0-40 

l-352±0-003 

4-65+0-01 

K 

0-40 

L224±0*003 

5-13±001 

Rb 

0-17 

M12±0'004 

5-6510-02 

Rb 

0-34 

M64±0-006 

54010-03 

Rb 

0-51 

M77±0'005 

5-34±0-02 

Cs 

0-11 

l-016±0-004 

6*19±003 

Cs 

0'20 

l-083±0-004 

5-80±0-02 

Cs 

0-40 

M17±0-003 

5'62±0-02 
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Fig.  1.  The  first  peak  in  the  neutron  diffraction  patterns  from  a  series  of  alkali  borate  glasses 
with  R=0-4.  From  top  to  bottom  the  spectra  are  from  cesium,  potassium,  sodium,  and 
lithium  borate  glasses,  respectively. 

3.  EXPERIMENTAL  RESULTS 

3.1  Neutron  diffraction 

Figure  1  displays  several  representative  first  peaks  in  the  neutron  diffraction 
patterns  from  the  alkali  borate  glasses  with  R=0-40,  whereas  Fig.  2  depicts 
neutron  diffraction  data  from  cesium  borate  glasses  with  variable  R.  Table  1  is 
a  compilation  of  Qi  and  Di  from  the  series  of  alkali  borate  glasses  studied. 

3.2  Density 

Assuming  that  the  alkali  ions  fill  space  in  random  spherical  cages  of  oxygen 
atoms  then  the  following  is  a  straightforward  procedure  for  determining  the  ionic 
separation  distance,  Dd,  from  the  density.  Denoting  the  composition  unit  of  the 


Fig.  2.  First  peak  in  the  neutron  diffraction  patterns  from  cesium  borate  glasses  with  R=0T  1 
(bottom),  R=0-20  (middle),  and  R=0-40  (top). 
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Table  2 

Density  and  Separation  Distances,  Dd,  for  Alkali  Borate  Glasses  Studied  by  Neutron  Diffraction 


Alkali 

R 

Density  (g/cc) 
(±0-03  g/cc) 

Dd(A) 

(±  0-03  A) 

Li 

0-40 

2-23 

4-52 

Na 

0'40 

2*33 

4-68 

K 

0-40 

2-29 

4-91 

Rb 

0-17 

2-34 

6-37 

Rb 

0-34 

2-69 

5-28 

Rb 

0-51 

2-94 

4-81 

Cs 

0-11 

2-43 

7-24 

Cs 

0*20 

I'll 

617 

Cs 

0-40 

3-21 

5-23 

glass  by  RM2O.B2O3,  where  M  is  the  alkali  ion  under  consideration,  the  molar 
volume  per  alkali  ion  (including  empty  space),  V,  can  be  determined  from 

V=m/(2Rd)  (2) 

where  m  is  the  mass  of  one  composition  unit  and  d  the  bulk  density.  Assuming 
that  the  ions  are  situated  at  the  centers  of  the  spheres  of  a  random  close 
packing,  a  similar  derivation  to  that  for  the  molecular  model  in  Section  7.6  of 
Ref  [6]  can  be  employed  to  relate  Dd  to  V,  via  the  packing  density,  p,  which  for 
a  random  close  packing  is  0-6366,  viz. 

Ti=(4/3)7i:(Dd/2)W  (3) 


Rearranging  Eq.  (3)  gives 

Dd'=6riV/7i  (4) 

and  the  working  relationship  between  Da  and  V  becomes 

Dd=(l-2638)(3VV)  (A)  (5) 

where  is  given  in  Angstrom  units.  Table  2  records  the  densities  and  values 
for  Dd  from  the  alkali  borate  glasses  used  in  the  neutron  diffraction  experiments. 

4.  DISCUSSION  OF  THE  RESULTS 

Evidence  that  the  first  diffraction  peak  is  directly  related  to  the  incorpora¬ 
tion  of  alkali  into  the  glass  is  provided  by  Fig.  2  which  shows  the  systematic 
growth  of  the  first  diffraction  peak  (with  normalized  intensity)  as  the  CS2O 
concentration  increases  from  R=0-11  to  0-40. 

Figure  3  presents  a  plot  of  Dd  as  a  function  of  Di  for  the  alkali  borate 
glasses  with  R=0-4.  The  straight  line  represents  equality  of  the  two  distances. 
There  is  a  close  correspondence  between  the  experimental  values  for  the  two 
distances  with  a  nearly  linear  relationship  observed  for  which  slope  is  less  than 
unity.  Figure  4  depicts  Dd  plotted  against  Di  for  the  series  of  rubidium  and 
cesium  borate  glasses  with  variable  alkali  concentration.  In  this  figure,  a 
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Fig.  3.  Dd  as  a  function  of  Di  for  alkali  borate  glasses  with  a  constant  alkali  concentration 
of  R=04.  The  straight  line  denotes  Dd=D,. 

monotonic  relationship  between  the  two  distances  can  be  seen  for  each  alkali 
(lack  of  data  precludes  further  elucidation  of  the  precise  quantitative  relation¬ 
ship).  As  R  increases,  Dd  becomes  smaller  than  Di,  this  is  evidence  for  cluster¬ 
ing  of  the  alkali  cations  at  high  concentration.  Also,  the  trends  which  describe 
the  rubidium  data  are  similar  for  the  cesium  Di  data  except  they  are  displaced 
towards  smaller  distances  for  equivalent  values  of  R.  This  is  likely  to  be  due  to 
the  smaller  diameter  of  the  rubidium  compared  to  the  cesium  ion. 

A  hypothetical  first-order  model  for  the  incorporation  of  the  alkali  oxide 
has  the  cations  surrounded  by  oxygen  to  form  cages.  The  ion  separation,  Di, 


pRb  (R  =  0.51) 
^  Rb  (R  =  0.34) 
ARb  (R  =  0.17) 
o  Cs  (R  =  0.4) 

+  Cs  (R  =  0.2 
*Cs{R  =  0.11) 


Fig.  4.  Dd  as  a  function  of  Di  for  rubidium  and  cesium  borate  glasses  with  variable  alkali 
concentration.  The  straight  line  denotes  Dd=Di. 
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Table  3 

Estimates  of  Ion  Cage  Dimensions  for  Alkali  Borate  Glasses 


Alkali 

R 

(A) 

Di=D, 

(A) 

2rMt 

(A) 

t=Di-2rM^ 

(A) 

Li 

0-78 

0-40 

4-20 

1-56 

2-64 

Na 

1*20 

0-40 

4-65 

2-40 

2-25 

K 

1*65 

0-40 

5-13 

3-30 

1*83 

Rb 

1-77 

0-17 

5-65 

3-54 

2-11 

Rb 

1-77 

0-34 

5-40 

3-54 

L86 

Rb 

1-77 

0-51 

5-34 

3-54 

1-80 

Cs 

1-95 

Oil 

619 

3-90 

2-29 

Cs 

1-95 

0-20 

5-80 

3-90 

L90 

Cs 

1-95 

0-40 

5-62 

3-90 

1*72 

for  this  model  is  given  by: 

C)i~2rM++t  (6) 

where  rM+  is  the  alkali  ion  radius,  and  t  is  the  wall  thickness.  Knowledge  of  the 
ionic  radii  [8-10],  and  setting  Dj  equal  to  Di  allows  estimates  of  t  to  be  made. 
These  values  can  be  found  in  Table  3. 

A  comparison  between  t  and  the  oxygen  diameter,  2*54  A  [3,1 1],  is  illustra¬ 
tive.  Here  the  diameter  was  chosen  to  be  that  appropriate  to  oxygen  associated 
with  tetrahedrally  coordinated  boron  since  this  is  the  likely  oxygen  environ¬ 
ment  for  use  with  the  alkali  ions  [12,13].  For  the  lithium  borate  glass  the  agree¬ 
ment  is  good.  For  the  other  alkali  ions  the  calculated  wall  thickness  is  less  than 
the  oxygen  diameter.  In  the  rubidium  and  cesium  cases  the  wall  thickness  ap¬ 
proaches  the  oxygen  diameter,  as  R  becomes  small,  which  implies  that  the  al¬ 
kali  cage  enlarges  as  the  alkali  becomes  more  dilute.  This  is  a  reasonable  result. 
It  is  also  interesting  to  note  the  similarity  of  the  wall  thicknesses  for  the  large 
ions  at  R  =  0*4.  The  potassium  borate  glass  yields  1  *83  A,  the  rubidium  borate 
glass  (extrapolated)  is  1-84  A,  and  the  cesium  borate  glass  is  1*72  A.  This  sug¬ 
gests  an  isostructural  environment  for  the  large  alkali  ions. 

5.  CONCLUSIONS 

The  positions  of  the  first  diffraction  peak  from  neutron  diffraction  meas¬ 
urements  for  a  number  of  alkali  borate  glasses  are  reported.  The  resulting 
interionic  distances  are  then  compared  with  average  distances  determined  from 
density  measurements  under  the  assumption  of  a  random  distribution  of  al¬ 
kali  ions.  A  strong  correlation  is  found  between  the  two  sets  of  length  meas¬ 
ures  implying  that  the  origin  of  the  first  diffraction  peak  in  alkali  borate  glasses 
is  diffraction  by  alkali  ions  housed  in  the  network  cages. 
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THE  ABNORMAL  PROPERTIES  OF  BORON  OXIDE  IN  GLASS 
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The  abrupt  change  in  the  property  versus  composition  curves  for  simple 
borate  glasses  can  be  considered  as  the  result  of  changing  from  one  type  of 
boron  structural  group  to  another.  In  addition  to  the  Raman  spectra,  etc. 
which  indicate  the  existence  of  such  structural  groups,  the  author  has  found 
that  the  shift  of  the  ESR  peaks  for  Mn^"^  doped  alkali  borate  glasses  con¬ 
firms  such  abrupt  changes  in  the  property-composition  curves.  By  carefully 
studying  the  contribution  of  boron  to  the  specific  volume  of  simple  borate 
glasses,  the  author  has  found  that  the  partial  volume  data  for  boron  (as  the 
boron  oxide  component)  show  stable  values  at  the  compositions  correspond¬ 
ing  to  XY4,  XY2  and  X2Y2  structural  groups  (X  is  a  4-coordinated  BO4  tet¬ 
rahedron,  and  Y  is  a  3-coordinated  BO3  triangle).  A  third  component,  such 
as  BeO,  AI2O3,  Si02  etc.,  was  added  to  binary  borate  glasses,  and  their  ef¬ 
fects  on  the  formation  of  boron  structural  groups  were  studied.  The  prop¬ 
erty  data  for  Na20-B203-Si02  and  Ba0-B203-Si02  glasses  were  used  as 
examples  to  investigate  the  formation  of  BO4  tetrahedra,  as  well  as  the  ex¬ 
istence  of  various  structural  groups  in  borosilicate  glasses.  Based  on  the 
B2O3  and  Si02  components  in  these  glasses^  a  general  model  has  been  estab¬ 
lished,  describing  the  property-structure-composition  relationships  for  bo¬ 
rate  and  borosilicate  glasses. 
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A  VIBRATIONAL  SPECTROSCOPIC  STUDY  OF 
ALKALINE  EARTH  BORATE  GLASSES 


Yiagos  D.  YIANNOPOULOS,  Efstratios  L  KAMITSOS, 
Georgios  D.  CHRYSSIKOS  &  John  A.  KAPOUTSIS 
Theoretical  and  Physical  Chemistry  Institute,  NHRF,  48,  Vass. 
Constantinou  Ave.,  116  35  Athens,  GREECE 


The  study  of  the  mid  infrared  and  Raman  spectra  of  Ca-,  Sr-  and  Ba-borate 
glasses  has  shown  that  their  network  is  composed  of  borate  arrangements 
containing  B04  tetrahedra  (0=bridging  oxygen  atom)  and  metaborate, 
B02O“,  triangular  units.  The  fraction  of  four-coordinated  boron  atoms,  N4, 
was  obtained  and  found  to  exhibit  a  maximum  at  compositions  depending 
on  the  type  of  alkaline  earth  cation.  For  fixed  metal  oxide  contents,  N4  in¬ 
creases  with  increasing  metal  ion  size,  a  trend  opposite  to  that  exhibited  by 
alkali  borate  glasses.  Mg-borates  were  found  to  have  the  lowest  N4  values, 
and  this  was  shown  to  originate  from  the  disproportionation  of  the  borate 
network  to  boroxol  rings  and  pyroborate  species.  The  analysis  of  the  far 
infrared  profiles  suggests  the  presence  of  two  types  of  sites  hosting  alkaline 
earth  cations,  i.e.  sites  which  are  well  organised,  or  ‘crystal-like’,  and  sites 
which  are  less  organised. 


1.  INTRODUCTION 

The  structure  and  properties  of  oxide  glasses  depend  strongly  on  the  nature  and 
concentration  of  the  constituent  oxides.  The  effect  of  alkaline  earth  cations  on  the 
structure  of  borate  glasses,  xMa(l-x)B203,  has  been  studied  extensively  by  Bray 
and  co-workers  using  ^^B  NMR  spectroscopy  [1-5].  It  was  shown  that  at  low  MO 
contents  the  alkaline  earth  cations  behave  like  alkali  modifier  ions  and  the  frac¬ 
tion  of  four-coordinated  boron  atoms,  N4,  follows  the  N4=x/(l-x)  law.  At  higher 
MO  contents  the  M^^  ions  start  gaining  network  forming  ability,  and  this  is  mani¬ 
fested  by  lowering  their  coordination  number  with  oxygen  atoms.  As  an  effect  the 
conversion  rate  of  boron  coordination  from  three  to  four  is  reduced,  this  phenom¬ 
enon  being  particularly  strong  in  Mg-containing  borate  glasses  [4].  Besides  their 
glass  modifying/forming  properties,  MO  oxides  can  induce  also  a  change  of  oxy¬ 
gen  coordination  number  from  two  to  three.  This  was  reported  to  be  the  case  of 
Sr0-B203  glasses  with  compositions  in  the  range  0-33<x<0-41  [3]. 

As  shown  for  alkali  borate  glasses,  Raman  and  mid  infrared  spectroscopies 
are  very  sensitive  probes  of  the  structures  assumed  by  the  borate  network  [6-9], 
while  far  infrared  spectroscopy  can  reveal  the  nature  of  interactions  between  the 
alkali  metal  ions  and  their  sites  [10-13].  It  is  the  strength  of  such  interactions 
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that  determines  the  nature  of  M-O  bonding  and  thus  the  glass-modifying/form- 
ing  properties  of  metal  oxide. 

In  comparison  to  alkali  borates,  a  limited  number  of  vibrational  studies  has 
been  published  for  alkaline  earth  borate  glasses  [7,14-17].  In  this  work  we  re¬ 
port  some  characteristic  results  of  a  systematic  Raman  and  infrared  reflect¬ 
ance  study  of  glasses  in  the  systems  xMO.(l-x)B203,  M=Mg,  Ca,  Sr  and  Ba, 
in  an  attempt  to  quantify  the  effect  of  on  glass  structure  and  to  investigate 
the  nature  of  M-0  bonding  as  a  function  of  metal  oxide  content. 

2.  EXPERIMENTAL 

Alkaline  earth  borate  glasses  were  prepared  from  stoichiometric  mixtures 
of  anhydrous  B2O3  and  metal  carbonates  (M=Sr,  Ba),  or  metal  oxides  (M=Mg, 
Ca).  The  thoroughly  mixed  batches  were  melted  in  platinum  crucibles  for  about 
half  an  hour  in  the  temperature  range  1 100-1300°C.  Glasses  were  obtained  by 
quenching  the  melt  between  two  polished  copper  blocks.  The  glass  forming 
regions  found  in  this  work  are  given  in  Table  1 ,  where  they  are  compared  with 
those  determined  for  alkali  borate  glasses  [18]. 

It  is  evident  that  the  glass  forming  region  becomes  wider  as  the  cation  size 
increases.  The  lower  MO  content  for  glass  formation  is  set  by  the  onset  of  phase 
separation,  while  crystallization  processes  determine  the  upper  MO  limit.  The 
difference  in  glass  forming  ability  between  alkaline  earth  and  alkali  metal  oxides 
can  be  understood  in  terms  of  the  field  strength  of  the  metal  cations.  Because  of 
their  higher  field  strengths,  M^^  cations  require  sites  of  higher  anionic  charge 
density,  which  can  exist  only  in  glasses  of  relatively  high  MO  contents. 

Infrared  spectra  were  recorded  in  the  reflectance  mode  on  a  Fourier-trans- 
form  spectrometer  (Bruker  IFS  113v),  and  were  analyzed  by  the  Kramers- 
Kronig  technique  [19]  to  calculate  the  absorption  coefficient  spectra  reported 
here.  Raman  spectra  were  measured  on  a  Jobin-Yvon  spectrometer  (Ramanor 
HG  2S)  at  a  90°  scattering  geometry,  using  for  excitation  the  488  nm  line  of  an 
argon  ion  laser  (Spectra  Physics  165). 


Table  1 

Glass  Forming  Regions  of  Alkaline  Earth  and  Alkali  Borate  Glasses 


Cation 

Glass  Forming  Region 

xM0.(1-x)B203 

Mg 

0-45<x<0-55 

Ca 

0-33<x<0-50 

Sr 

0-20<x<047 

Ba 

0-20<x<0-47 

xM20(1-x)B203 

Li 

0<x<0-75 

Na 

0<x<0'45  and  0-55<x<0-75 

K 

0<x<0'45  and  0-60<x<0-70 

Rb 

0<x<0-45  and  0-65<x<0'70 

Cs 

0<x<0-75 
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Fig,  1.  Infrared  Absorption  Spectra  of 
xBaO.(l-x)B203  glasses. 


0  300  600  900  1200  1500 

Wavenumbers  (cm"^) 


Fig.  2.  Infrared  Absorption  Spectra  of 
xMO.(1“x)B203  glasses  with  x=0‘33  (a)  and 
x=045  (b). 


3.  RESULTS  AND  DISCUSSION 

3.1.  Effect  of  Alkaline  Earth  Oxide  on  the  Structure  of  the  Borate  Network 

Infrared  absorption  spectra  of  glasses  in  the  barium  borate  system  are  sho^vn 
in  Fig.  1.  The  corresponding  reflectivity  spectra  are  in  good  agreement  with 
those  published  recently  by  Kim  et  al  [20].  In  order  to  understand  the  effect  of 
BaO  addition  on  the  structure  of  the  borate  network  we  consider  the  mid-infra¬ 
red  region  (500-1600  cm"^),  where  the  vibrations  of  the  boron-oxygen  arrange¬ 
ments  are  active.  In  particular,  absorption  in  the  800-1150  cm"^  range  can  be 
attributed  to  the  B-O  asymmetric  stretching  vibration  of  BO4  tetrahedra,  and 
the  high  frequency  absorption  profile  (1150-1550  cm“^)  to  the  corresponding 
vibration  of  BO3  triangles  [19].  Therefore,  the  evolution  of  the  800-1150  cm“^ 
envelope  with  x  in  the  range  0<x<0*40  (Fig.  1)  shows  the  progressive  change  of 
boron  coordination  number  from  three  to  four.  For  higher  BaO  contents  a  de¬ 
crease  of  the  relative  intensity  of  the  BO4  absorption  band  is  observed,  signaling 
the  formation  of  non-bridging  oxygen  (NBO)  containing  triangles.  Indeed,  the 
band  developing  at  1220  cm~^  can  be  assigned  to  the  B-0  asymmetric  stretching 
vibration  of  B02O~  triangles  in  metaborate  rings  [19,21]. 

The  dependence  of  the  glass  structure  on  the  type  of  alkaline  earth  cation  is 
illustrated  in  Fig.  2,  where  the  spectra  of  glasses  with  fixed  MO  content  (x=0-33, 
0*45)  are  compared.  To  facilitate  comparison,  all  spectra  have  been  scaled  at  the 
high  frequency  absorption  envelope.  It  is  clear  from  Fig.  2  that  absorption  in  the 
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rig.3.  Relative  integrated  intensity  Ar=A4/A3 
for  xM0.(1-x)B203  glasses.  Lines  through 
data  points  are  drawn  to  guide  the  eye. 


Fig.4.  The  fraction  of  four-coordinated 
boron  atoms,  N4,  in  xM0.(l-x)B203  glasses 
calculated  using  Eq.  (1).  Comparison  is 
made  with  the  theoretical,  x/(l-x),  values. 
Lines  through  data  points  are  drawn  to 
guide  the  eye. 


range  characteristic  of  BO4  tetrahedra  depends  on  type  of  alkaline  earth  cation. 
To  quantify  the  effect  of  alkaline  earth  oxide  on  the  short-range  structure  of  the 
borate  network  we  have  calculated  the  integrated  intensity  of  the  absorption 
envelopes  800-1150  cni“^  and  1150-1550  cm~\  denoted  by  A4  and  A3,  respec¬ 
tively.  The  relative  integrated  intensity,  Ar=A4/A3,  is  plotted  in  Fig.  3  versus  MO 
content.  The  change  of  boron  coordination  from  three  to  four  with  increasing 
MO  content  towards  the  metaborate  composition  (x=0*50)  is  illustrated  very 
clearly  in  this  figure.  It  is  observed  also  that  the  MO  content  at  which  Ar  exhibits 
its  maximum  value  is  a  function  of  the  type  of  alkaline  earth  oxide. 

The  relative  integrated  intensity,  Ar,  can  be  employed  to  calculate  the  frac¬ 
tion  of  boron  atoms  with  fourfold  coordination,  N4,  by  using  the  expression, 

N4=Ar/(a+Ar)  (1) 

where  a  is  the  relative  absorption  coefficient  of  boron  tetrahedra  versus  boron 
triangles  [22,23].  The  value  of  a  can  be  obtained  by  comparing  infrared  data  of 
this  work  (Fig.  3)  with  recently  published  NMR  results  by  Huebert  et  al  [15]. 
Using  these  NMR  data  it  can  be  shown  that  the  N4  values  for  binary  Sr-borate 
glasses  with  x=0*40  and  x=047  are  N4=0*44  and  N4=0*39,  respectively  [15].  These 
values  and  Eq.  (1)  give  an  average  value  of  a=l'3.  Although  a  is  expected  to 
show  a  cation  dependence,  the  lack  of  recent  NMR  data  for  binary  Ba-  and  Ca- 
borate  glasses  leads  us  to  employ  the  value  a=l-3  to  calculate  N4  for  the  three 
Ba-,  Sr-  and  Ca-borate  glass  systems.  As  shown  in  Fig.  3  Mg-borate  glasses 
exhibit  distinctly  lower  values  of  Ar,  indicating  that  the  value  of  a  for  these 
glasses  should  be  calculated  separately.  According  to  Dell  &  Bray,  N4=0-20  for 
the  0*45MgO.0-55B2O3  glass  [5],  giving  the  value  a=l*9  for  Mg-borate  glasses. 

Using  the  infrared  data  (Ar)  and  the  values  of  a  obtained  above,  N4  was 
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Raman  Shift  (cm’^) 


Fig.  5.  Raman  spectra  of  Ba-  and  Mg-borate  glasses  with  x=0-45. 

calculated  through  Eq.  (1).  The  results  are  shown  in  Fig.  4  versus  MO  content 
and  compared  with  the  theoretical  values,  x/(l-x).  The  following  observations 
can  be  made;  (a)  for  Ba-  and  Sr-glasses  of  low  MO  contents  (up  to  ca  x=0*25) 
N4  follows  the  theoretical  value,  (b)  the  MO  content  at  which  N4  attains  its 
maximum  value  shifts  to  higher  x  values  as  the  field  strength  of  M^"^  increases, 
and  (c)  for  glasses  of  the  same  MO  content  N4  decreases  with  increasing  field 
strength  of  M^^  cation.  It  is  worth  noting  that  this  trend  is  opposite  to  that 
found  in  alkali  borate  glasses,  i.e.  a  decrease  of  N4  from  Li  to  Cs  [21,  24]. 

To  understand  the  origin  of  the  distinctly  lower  N4  values  exhibited  by  Mg- 
borate  glasses  we  compare  in  Fig.  5  the  Raman  spectra  of  Mg-  and  Ba-borate 
glasses  with  x=0-45. 

The  spectrum  of  the  barium-borate  glass  shows  features  characteristic  of 
borate  arrangements  containing  B04”  tetrahedra  (bands  at  530,  760  and  940 
cm"^)  and  metaborate  rings,  (BsOe^”),  (635  cm“^)  [25,26].  Therefore,  the  struc¬ 
ture  of  the  Ba-borate  glass  is  consistent  with  the  metaborate  stoichiometry 
and  can  be  described  in  terms  of  the  isomerisation  process:  B04“^B02O“.  On 
the  contrary,  the  spectrum  of  the  Mg-borate  glass  reveals  the  presence  of 
boroxol  rings,  B3O4.5,  (802  cm"^)  and  pyroborate  species,  BaOs"^,  (845  cm“^)  [16]. 
The  coexistence  of  undermodified  (boroxol  rings)  and  overmodified 
(pyroborate  dimers)  species  at  the  metaborate  composition  can  be  understood 
in  terms  of  the  following  disproportionation  reaction:  4B02'^(2/3)B304  5 
+B205'^,  where  BO2”=B04“  and/or  B02O".  This  behavior  of  Mg-borate  glasses 
is  attributed  to  the  largest  field  strength  of  Mg^^  ions,  and  is  consistent  with 
the  fact  that  they  exhibit  the  smallest  value  of  N4  and  the  smallest  glass  form¬ 
ing  region  among  the  rest  of  alkaline  earth  borates.  This  justifies  also  the  dif¬ 
ferent  value  of  the  relative  absorption  coefficient,  a,  of  the  Mg-borate  glasses. 
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Wavenumbers  (cm' ) 


Fig.  6.  Deconvoluted  far  infrared  profiles  of  0-45MO.0-55B2O3  glasses  (  M=Mg,  Ca,  Sr,  Ba). 


3.2.  Far  Infrared  Spectra  and  Metal  Ion  /  Site  Interactions 

As  shown  in  Fig.  1,  addition  of  BaO  to  B2O3  causes  the  appearance  of  a 
new  band  in  the  far  infrared  whose  frequency  and  intensity  are  increasing  with 
X.  For  glasses  of  the  same  MO  content,  the  frequency  of  the  far  infrared  band 
increases  upon  decreasing  the  mass  of  the  alkaline  earth  cation  (Fig.  2).  Simi¬ 
lar  bands  in  the  spectra  of  alkali  borate  glasses  have  been  assigned  to  vibra¬ 
tions  of  metal  ions  in  their  equilibrium  sites  [10-13]. 

When  the  far  infrared  spectra  are  shown  in  an  expanded  frequency  scale  be¬ 
comes  obvious  that  the  description  of  their  asymmetric  profiles  requires 
deconvolution  into  component  bands.  A  typical  example  of  such  spectral 
deconvolution  into  Gaussian  components  is  shown  in  Fig.  6  for  the 
045MO.0-55B2O3  glasses.  The  frequencies  of  the  two  lower-frequency  bands 
(designated  by  Vl  and  Vh)  are  plotted  versus  the  inverse  square  root  of  the  alka¬ 
line  earth  cation  mass  in  Fig.  7.  The  linear  dependence  of  Vh  and  Vl  on 
suggests  that  the  H  and  L  bands  could  be  attributed  to  vibrations  of  cati¬ 
ons  in  two  types  of  anionic  site  environments  in  the  glass  (sites  H  and  L)  [21]. 
Besides  the  L  and  H  bands,  Fig.  6  shows  the  existence  of  a  third  band  at  the 
high  frequency  side.  This  component  can  be  attributed  to  borate  network  modes, 
like  the  libration  mode  of  metaborate  rings  [21,27]. 

To  investigate  the  nature  of  L  and  H  glass  sites  hosting  ions,  we  compare 
in  Fig.  8  the  far  infrared  spectrum  of  the  0-50CaO.0-50B2O3  glass  with  that  of  a 
corresponding  crystalline  compound.  It  is  observed  that  the  H  glass  band  forms 
the  envelope  of  the  infrared  bands  of  the  crystal  in  the  range  100-350  cm"^ 
According  to  Rulmont  &  Almou  [28],  the  intense  bands  of  Ca-metaborate  crys¬ 
tal  in  this  frequency  range  arise  from  the  translational  modes  of  Ca^'*’  cations  in 
their  sites.  On  these  grounds  we  suggest  that  the  H  glass  band  can  be  attributed 
to  vibrations  of  metal  cations  in  well  organized,  or  ‘crystal-like’,  sites  in  the 
glass.  Metal  cations  that  do  not  succeed  to  establish  such  environments  occupy 
less  organized  sites  and  may  give  rise  to  the  L-type  band.  It  is  of  interest  to  note 
that  a  similar  picture  was  established  recently  from  the  consideration  of  the  far 
infrared  spectra  of  glassy  and  crystalline  alkali-germanates  [29]. 
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Fig.  7.  Cation  motion  frequencies  versus  Fig.  8.  Comparison  of  the  far-infrared 

where  nic  is  the  metal  ion  mass,  spectra  of  crystalline  and  glassy 

Error  bars  are  of  the  size  of  symbols.  0-50CaO.0-50B2O3.  Dashed  and  dotted 

Lines  are  least  square  fittings.  component  bands  resulted  from  the 

deconvolution  of  the  glass  spectrum. 

4.  CONCLUSIONS 

The  glass-forming  regions  of  alkaline  earth  borate  glasses  were  determined 
and  found  to  become  wider  with  increasing  cation  size.  The  analysis  of  the 
infrared  reflectance  spectra,  and  comparison  with  recent  NMR  results,  allowed 
the  quantification  of  network  structure  in  terms  of  the  fraction  of  four-coor¬ 
dinated  boron  atoms,  N4.  It  was  found  that  N4  increases  with  alkaline  earth 
oxide  content,  MO,  and  attains  maximum  values  at  compositions  depending 
on  type.  For  glasses  of  the  same  MO  content,  N4  decreases  from  Ba  to 
Mg,  a  trend  opposite  to  that  exhibited  by  alkali  borate  glasses.  The  Raman 
spectra  have  shown  that  this  effect  is  due  to  the  high  field  strength  of  the  Mg^'^ 
cations  which  induce  a  structural  disproportionation  into  neutral  (boroxol  rings) 
and  highly  charged  (pyroborates)  borate  units.  Alkaline  earth  cations  occupy 
two  types  of  site  (H  and  L),  where  they  vibrate  with  characteristic  frequencies 
Vh  and  Vl,  respectively.  Comparison  of  the  far  infrared  spectra  of  glasses  and 
crystals  of  the  same  metal  oxide  content  has  indicated  that  the  H-type  sites  are 
better  organized  than  the  L-type  sites. 
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